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FOREWORD

This report presents the final results of one of the projects participating in the military-effects
programs of Operation Hardtack. Overall information about this and the other military-effects
projects can be obtained from ITR- 1660, the “Summary Report of the Commander, Task Unit
3." This technical s3ummary includea: (1) tables listing each detonation with its yield, type,
environment, meteorological conditions, etc.; (2) maps showing shot locations; (3) discussion of
results by programs; (4) summaries of objectives, procedures, results, etc., for all pcrojects;
and (5} a listing of project reports for the military-effects programs.
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hY  ABSTRACT

The purpose of this project was to ate the effecta of Llast forces, radiation,
and water waves resulting from nuclear explosions on var rt{-type structurea and
previously exposed test structures located on the various islands iwetok Proving Ground._
The major effort of the project, a joint Waterways Experiment Station an and Narver,
Inc., effart, was concentrated on the early shots which were expected to yleld the mast signifi-
cant information for this project. To cover any supplementary information from the later shots,
because the project was to be a minimum effort of funde and personnel, arrangements were
made with Holmes and Narver, Inc., for the project to receive appropriate additional data from
the later shots from the damage survey normally conducted by that organization !n the fleld.
This report contalns the genera! effects data for the ste‘lons investigated from all ihe 8hots of
concern to tnls project,

No electronfc recording was utilized: however, aelf-recording measurements of alr over-
pressure and accelerction were mads ~t severul Stativas, alGog with somc messuiements or
erosion due to water waves. The damage surveys were performed by visual jnspection, photo-
graphs, and level surveys. .

The curve ufed for predicung air overpressure, the most important parameter tn determining
blast damage, proved to be reliable. Observed pressure datz obtalned during this operation
correlated well with the prediction curve, which was based on data obtalaed from previous op-
erations.

The curve ysed for predicting acceleration for floor slabs of structures appears to give
reasonable values. Huwever, limited data was obtained, and the over-all reliability of the
prediction curve is uncertain.

It was found that the path-of-least-resistance method for predicting radiatior. within structures
proved adequate. The slant-thickness method did not give realistic values.

No structural damage was observed which was attributable to thermal radiation. Steel was
obserw:d for exposures up to 1,400 cal/em?; concrete surfaces showed riinor spalling at 650
cal/cm®,

Structural damage, due to water waves, may be neglected for close-in structures designed
to withstand alr blast. At greater distances, where air blast is of no great consequence, water
waves must be considered in structural planning.

Damage to camps (light, wood-frame type construction) was investigated, The damage data
compared with and amplified the data contzined In TM 23-200 (Reference 8) pertaining to wood-
frame structures, Damage to antennas and radar reflectors correlated well with data in the ref-
arenced manual also. The curve of Reference B {or pradicting damage to three-story, blast-
registant buildings is alsc adequate,

Reinfarcing steel i wonfq of hizat-renistant Structures should be designed to provide more
uniformity of strength. Positive reinforcement should be cuntinuous extending vver hupports;
at least one-hall of the negative steel should be carried beyond the point of inflection a sufficient
distance to develop the allowable stress in such bars ur a distanze equal to the deplh of the mem-
Ler, whicnever distance is greater,

A ground-gurface 21,060-galion water tank of ‘/,-mch bolted steel plate, 8 feet high and 22 {eet
in diameter, suffered only light damage when exposed tc pressures of 8.5 and 7.0 psl.

Heavily reinforced-concrete, earth-mounded structures (walls and roofs § to 6 feet thick with
spans up to § feet) survived air overpressures up to 1,000 psi.

Objects located close behind earth mounds within a distance approximately equal to the height
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of the mound received considerable protection {rom dynamic pressures at overpressures of 35
pat and lower.

Exposed atandard 2-inch and 4-inch water pipes, including standard rising-stem valves, sur-
vived pressures up to 8 psi without any sign of damage.

The method u.ad for predicting pressures at a zero angle of incldence on the {roat and rear
faces of diffraction-type targets is satisfactory for both design and analyais purposes. At ang'ca
of incidence greater than zero however, the method is satisfactory for design purposes only. The
predicted shape sof overpressure-time curves for the roof of diffraction-type targets wzs not in
close agreement with measured résults,
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PREFACE

This project was a jecint, coordinated effort between thec U.S, Army Ergineer Wateiways Experi-
ment Station (WES), Vicksburg, Mississippi, and Holmes and Narver, Inc. (H&N), Engirezrs
and Constructors, Los Angeles, vwiuurnis. This joint venture vus made possible by the efforts
of personnel from both the Armed Forces Special Weapons Project {(AFSWP), and the Atomic
Energy Commission (AEC). For WES, the project was under the general direction of E. P. Fort-
son, Jr.,, F.R, Brown, and G. L. Arbuthnot, Jr., with W.J, Fluthau designated as the project
officer. For H&N, the project was under the general direction of R. R. Alvy and 8. B. Smith,
with R. A, Cameron designated as the agsistant project officer. Special recognition is given to
Cupt. E.S. Townsley, of WES, who |.repared the appendix on radiation. Also contributing to this
project were Sp2 R.P. Andrew, Pic. C.W. Denzel, and Pic. D.G. Brown, of WES. The co-
operation received from personnel of the Los Alamos Scientific Laboratory (LASL), the University
of California Radiation Laboratory (UCRL), the Stanford Research Institute (SRI), and the Ballis-
tic Research Laboratories {BRL) greatly assisted this project in meeting i3 objective,
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Chapter |
INTRODUCTION

1.1 OBJECTIVE

The objective of this project was to record and evaluate damage from blast, radiation, and
water waves to selected pre-existent and ne'w structures at the Eniwetok Proving Ground by
examination and measurement before and after certain test detonations. The damage properly
assuciated with shot geometries can provide valuable information to designers and planners of
structures to resist the effects of nuclear weapona.

1.2 BACKGROUND

Many structures have been biill . ;iior tests at the Eniwetok Proving Ground for the purpose
of housing scientific instruments in extreme environments. Damage to these structures was
reported, but their expusure to nuclear effects was only incidental to their function, and the op-
portunity to gain useful information from their behavior was not exploited. In addition, consid-
erable effort and funds have been invested in prior operations for siructural tests, per se. Some
of these structures still exist in an undamaged or partially damaged condition. Since a number
of these structures were supposed to be subjected to severe loading conditions during Operation
Hardtack, an opportunity was afforded to obtain valuable information on structural response and
damage with minimum additional effort. Therefore, this project was planned to exploit the op-
portunity to gain general information that would amplify and supplement existing design criteria
and concepts.

The selection of pre-exisient stations that were investigated was based upon a4n Vu-siiv sur-
vey of structures made in November 1957. Certain naw test structureas were also included where
it was predicted that they would be subject to high pressure and temperature or destructive water-
wave action,

1.2.1 Previous Damage Surveys. Damage surveyy were performed for Operation Ivy {Ref-
erence 1), conducted in 1852, and for Shot 1 of Operztion Castle (Reference 2), conducted in
1854. These surveys described damage from a total of three shots; for this reason, no overall
discussion of damage-distance relationships as a function of shot yield was made in either report,
In addition to the publighed reports (References 1 and 2), Holmes and Narver, Inc. (H&N) made
damage cbgervations and took nurarrous pastographs of scientific stations during «meratinn Castle
(1954} and Operation Redwing (1856). The postshot damage reports prepared by H&N were given
only lixaited distribution within the / EC, Since no complete damage jurveys are available for
Operations Castle and Redwing. the H&N reports were reviewed, and = sunmary of the 1wiscel-
laneous damage observations arc tabuiated in this report for the first time for 2 more general
distribution,

Shot geometries with pressure contours for Operation Castle are shown in Figures 1.1 and
1.2 for Bikini and Eniwetok, respectively. Table 1.1 summarizes the blast damage observations
for Shots 2, 5 4, 5, and 6. Damage due to Shot 1 is thoroughly presented in Reference 2; how-
ever, pertiro~ resulls are presented in Chapter 3 of this report.
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Figure 1.2 Shot geometry with pressure contours for

Eniwetok Atoll, Operation Castle (1964).
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Shot geometries with pressure contours for Operation Redwing are shown in Figures 1.3 ind
1,4 and the summary of blast damage observations 18 shown in Tables 1.2 und 1.3.

The summary of blast damage observations for Operation Hardtack is shown in Table 1.4,

Saltent conclusions reported during previous surveys \References 1 and 2} are given below.

1.2.2 Conclusions [rom lvy Damage Survey (1952). (1) Exposed steel beams and pipes attached
to structures were damaged or deatroyed by overpressures of 11 psi and greater. (2) Small Bulid-

TABLE 1.1 OBSERVATIONS OF GROSS DAMAGE: OPFRATION CASTLE*, BIKINI AND ENIWETOK AToLLS

— &hat Code Grousd

Description Blte Number Name Damage Range Presasure
Tt pat
Concrets Btructure:
Station 1341; reinforced concrete, Abls g Romeo Savare damage; the third siory 7,800 »
3 slory instrument sbaiter, above wae blown compleiely off,
ground. Damaged and Jeft in &
weakenyd condit(on by Shot Brave
(Raterence 2},
Wood Fre=—ed Structure:
Sution 11 ..ndowlsan, 16 fest to George 1 Bravo Moderats damage; plywood 58,400 1.4
saves; 34 inchix 3% tnch = Y, pais Lawed tn L to ¥ feet
Inch stael angle studs at 48 inches ona pane| ripped off.
8.¢.; % ~1nch sxwarior plywood.
Steal Framad Structurae:
Station 2210; stael framed with cor- Suger ¥ Xoon Moderate damage; frame un- 8,800 [ % ]
rugated aluminum roofing and damaged; ronfing blown off:
siding: sxposed end-on to blest. some ¢idiny blown off.
Sivrage Tanks:
POL facility; four 1,000-barrsl Sugar L3 Koon Severs damage; blast wave blew 4,000 15
fuel storage tanis the top off one tank; &Il tsnks
damaged and leaked fusl: spilled
fusl burned, savarsly damaging
all tanks.
Towera:
Timber wawr tower; 30 feet high: Fox 1 Brave Undamaged 81,000 LB g

six 13-fixch ¥ 1-inck columne;
guyad at the 30 foot tavel; 3 full
4,300 gullon watsr tanks in placs.
Station 80.01; antenna wrray of {ive Nan [ Yankes  Completely leveled 78,000 L3
78-lobt trylon towers; guyed at &
lavels; 3 guys a1 sach guy laval.
Station 1302.04; T8-foot, square, Junet L] Nectar foderste damags; tower undam- 19,480 4.5
#4441 Photo tower. aged; oab frame wis twisted and
maembers bent; cab alding amd
roliup doors damaged beyond
praotios] repair.

Fiald Generators and Fuel Tanks:

Butlding DO-500; five T5-KW gen- Dog 1 Brave Undamaged 40,800 43
arators, 3 pontoon foal tanks g o-
tecied by high wurrounding berm.

Saticn 110.0%; exposed gen:rators. Dog 1 Brave Damaged; extent unroportsd. 41,80 4.1
Vtilitien:
Station 2521.02; expossd vanuum Sugar 3 hoon Moderats damage 6,500 LR ]

pumd.

*Covers obae: valions made subsequant (o the 8hot | damage survey reporied in Refarancs 3

ings covered with thin sheet metal over diagonal wood sheathing generally withstood overpressures
up to 5 and 8§ psi. However, one structure of this type was badly damaged by an overpressure of
4,5 psi. {8} Lightly conatructed wood-frame shacks sheathed with corrugated metal and located

in regin.c with overpressures greater than 4 psi were compleiely destroyed, No structures of
this type were located in reglons subjected to less than 4-psi overpressure. (4) Palm irees were
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Figure 1.3 Shot geometry with pressure contours for Bikini Atoll, Operation Redwing (1956).
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TABLE 1.2 OBSERVATIONS OF OROSS DAMAQE

+ OPERATION REUWING, BIKINT ATOLL

 Ground .
Dewcription Kite #hot Damage Rangs Presmire
{3 pol
Construciion Camps: (Juman
ienis of typic! construction over
conc reta dlaba; light wood frama
structures framed with 3 inch x
4 inch studs and trussed ramere &
oot on conters, ' Inch exterior
pirnoud sidiag, asd corrugatsd
uminum roollng. )
Tasts, aad light wood frame For Charokte  Complabe destruction axvept for 33,800 3.3
sLructures. concrete floor slabs and vome
wisphohd poles, axpoasd wood
eurfaces ware charred; thre
was evidance of severa) fires
which apparestly were extinguinh-
of by the suv' .y, “ut sir Blast.
Tents, light wood frame struchires, Nan Zunl LIght damags was sustained, win- 10,800 o8
obop butldings, wad magrs. dow sorvess brolms; slutiers
brokaa; bulging walls; rool shast-
ing damaged st jolnis: 3 lew raf-
wra partially fracwred; 1 Inch »
10 Jwch #tuds In haager buliding
partiaily fractured sad wall knocked
Inward 4 fest; carpenter shop
shilfad 3 inches.
Storsxe Tanke:
Builging 37: 21,000 gelion ground etor- Fax Chirokss  Appareatly uademaged; lank was 33,000 a3
age tank; 22 foot dnmeir; § fout high Tull at et time.
9% 1nch aseal pinte. Flsthaad  Top of wak slightly dishad in; no 12,800 s
other APPATIR! damagY; Walr
level in tank umknows,
Dakots Destroyad: the thnk, probably smpty, 11,200 1
‘was blows 400 lest.
Teowere:
Bation 1816 78-foot, aquare, stesl, William Zuai Towsr undamagud; the cab vhutters 13,080 i 1)
photo twer. ‘were moderaisly damaged.
Antennas:
8 Jon 312.0%k TV antenoa. Man-Made Tsltnd  CheTokie Broken off ai tisk base. 20,100 1.8
No. &
Siation 312,03 TV anlenan. Man-Mads 16]a8d  Charoliee Brolun off at the base. 13,680 a0
Ne. )
Matior 74; Radio antenns. Obos Zunl Bant over; sop brokea off. 14,030 1ne
Fisld Generstors asd Fuel Tanhs:
Btation 1515 7 generslors, side-on Abla CTharomy y Gomadeasor WvaTSr th biast was blown 30,3%0 ar
i blast. off its base and Juft lesning om te
othar; g charring of wood and
paint,
mation 131.01: Ganarator; Nual tanke Able Cherek Mg drives against pea- 33,180 38
on wood reck. orilor did bent; fusl 1aaks kanooked
dows; woodea rack slightly eharred.
Station 1319: % gensratory, end-on Charlia Churolss  GeBSraior nearar the blsst mowved one 19,540 3.0
to blast foot; eide pansls driven aguinst the
genarator and best or brokes off;
paint obarred ow xposed surisces.
Stailon 312,02 CGensrator. Men-Made tslend Cherskes Undamaged; gesaraior end-on o hlast; 30,780 1.0
No. *avd LAGE At De of gémrator charred.
Bation 31203 Usperstor, s 48 ¥ouc-Madw in 1 Cherckes Conorator lauuiug SUgALlY Lsuil, folkew w353 8.9
derress 10 Blast, Ne ¥ tar at 45 degrae 1o blast with one side
protecied by sand bage-
astla Malon 110: 2 gessrators bshind  Uncle Zual (ma genersior bio'm on iis stde; the 10,270 2.0
& ratalning wall. olbier upaids. down.
Bation T4 Sdoorator, lue] tank. Qe [-OR Undnmnged. 14,930 1.0
Btation #5101 Genarainr bedkind weain-  Sugar Zunl’ Goneralor badly dumagid by the gol- [®cT8 o
ing wall; cylindrical Nosl task. lupss of ar sdjoiaing cowcrets divid-
Ing wall; fusl tank wus labed In.
Vtilities and Venlilstion KEqulpment:
station 131%: Frsrior daku'. tdifisr Charile Cherokes  Debumidifier tArown againa: the com= 19,080 9.0
and compn. Jor wr't pressor; tw alr intake fan was binat-
ol . od ageinat the ntabe.
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TARLE 1.3 OSSERVATIONS OF GROM DAMAGK: OPERATION REDWING, ENIWETON ATOLL

L —
Desoription iw Shot Damigs " Preesurs
—— ?‘— Ty
Conzrots Figutiures:
Pation 1311.04; mesr've, semiburine Yveans {aCresms  Undamaged; sarth cover almost compleisly 520 1,100
walls, reef and Bonr § BN thick blown away.
Imavily reinforeed sarth nuver ¢
font duap.
Tation 1310 ahove gromad; 3~ & boet Yvomms  Krin Breoturally undsmaged. blast door severe- 1410 »
blast dner snpymnd fasn-on 1o Mam ly damsaged; doar Josking Mndias sbrared
waw; doer ounsitind of Y inch sever- off; doot Mury wes Bant o~ that It war
plate, €1 % insh hertsantal scitiuasra imposaihle to spaa the deer.
5213 Iehed @, 0. With B x % nch
fangee s in stiffowsrs.
Smaien 1504 Above gremmd owiical, 11 troms b Complemly wad; obly the buse slub 1,600 13
W 11 Moot by & foot high walle and remaimd,
resf 1 Jest § inohes tiiak; 0.4 peresat
relafereenint o0th wiy, each taow,
ia walln and resl.
ondityetion Camps: (b-men donte
of iypieal conatrestias ever cmorein
slaba; light weed (rAmS piretiures fram-
o€ with 1 x ¢ Lok diude and truseed rah-
are 3 fost am semtar; i ek axmerter py-
woed Siding, and sarrugnind slumisam
resliags).
Teats, Yvonne LaCresss  \euod fruowe fatled; wuis collapasd. 8,200 2.3
Light wecd frams strecres. Yvoas  LACresss  Savare damape; aldes °f bulldisgn caved 5,300 13
s reois biows off lewver wulled
bellar house was undamaged.
Toste aad light wood frame siructures. Yvouae e Compltte destruction; the sive was le-vl- 3,300 13
ad saving oaly the flaar alabhe.
Light woad framd Structures. Uresls  Kivkigoo  Light damugs severs! blywood panele $,800 .18
wors inroed a¥f the rrar wall of shads;
Alvsisvm reel panet hown off one reol.
Toals and Light wetd frame sirechures. Ursula  Molawk Compiete destrustior; mly alectrieal 1,800 .0
power polse and cenorets lieer slabe
wore reusable.
Touis and light weid frame streciures. Geus k Complets de anoapt tor comorew 3,500 41
floar alabe.
Weead Framed Sirmastura:
Ratien 1095 sesontially wisdewless; 2 Yvomms  IaC e da néd wall, baving blsst 000 2.4
X dimshotmds 3 Mot e.0, nnd 2 x & imoh wis pushed inward, sids walls wers
Taners 8 foot o &' ieh axmrier ply- pushed aware; several pastls caved ls
wood diding. complinly.
Satias 1006 rebabiliteied 15 ss-ouilt Yveane Eris Complewly dsatroyed; Walls were oavad 2,10 18
oenditien ar LACTesow phat. ta rwol foll tw.
Sisrage Tanke:
Duliding ¥ 31,000 gullen grownd sdorage  Yvomae LaCri.~s  No damage. 6,136 24
tank; 0 foet diamater, & Seat Mgh, %
a0k stea) piaty; Ml 2% shet time.
Light Baffles:{Wesd frams billboards
‘with 4 inch plywesd ghilag. [aciag Mast
hank simys a2 48 dagree mygpart hrace top
o board bethem of heardd (o sugperead by
+ horisestal ts 0 the back stays).
Mation 1604 6 S0t high hy 44 foed Wids,  YwonMe  LaCrrees  Destruyed 1,800 7
Jowr 4 > 19 inck peets; Jour ¢ = b lnch
back smmys.
Siaticn 1803; 3 biIMoards, each § foot Yvosse LaCrosss o appareat damage 1,40 1.8
high by 13 fest wide; twe 4 x § Lach Erie Dostroyed [K°Y) 1
poaa; tao & v 8 (ach baok slays.
Sztian 180K & dno! high by 5 st wide, Yvoans LaCrosss Mo apparest amage T.088 4
it &% 8 iwh poBlel four a8 neh Tre Destroyed 00 18
zk wtuyn
Sation 1381; 2 hiilhoarde, sach § feet Yvomhe LaCrosss  No spparest damage [ K] 1 X}
square; twe 4 % § 1nch paats; two 4 = Erie Dastroysd 11 18
4 nchk bachatays.
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TABLE 1.3 CONTINUED

Dgss ription L 1) St Damage mi " rrespure
BE3 pal
Tewsrs:
BAAtioR T, DOD Jool shet Wwer, 20 fost Yvaaae Eris da Y owsr g curved 3,000 18
square § iarh stre) ban logs; uyw shipe; midile portim bonl entWard, Mw-
a0 10§ skt DO§ Soid Wrvals. sver, eab dnad ' it sriginal .
diresily ever Wower bhid dlevitinm
reils and sutrigger were bant med rwisted.
BuiMing 05 Umbur wolsr tower, 30 et Yvemne LACresss  Ne iophrent dumigh, wite: Wale ware re- 3,100 13
highy six LE x 15 150k Selumas and deu- meved priar w the shet.
bt & = § Lask braetag.
Building 181; dmber water sowar, 30 Ursula  Meobawk Overturnad; asl brolmn aad b ok 9,008 e
o0t high; #ig¥ 33 = 13 inch onlumas WHAT WAkA WOre TeMAVed Prinr o shat,
sad dewble 1 = 4 lash braoing.
Weed Plie Pierh:
Yvenas parsenns) pler Yvesma LaCreses Undamaged 3,400 (&
Bris Dostrayod, meny PP brohss 1 or asar e 1%
the water lins.
R porsunid] pist [ ) smisels  Undamaged 1000 1r
Apaohe Completnly dnatreyed. 1,408 > 1,008
Neder Retlectlors;
Satien T4LL.81 inlly Yuma Undamaged 1,184 [ 8]
Kickapse Knoohed off (s base. 1,368 [ X ]
Fis)d Qansrsaters apd Fusl Tanks;
Cwniral Yveans srea; § peasreinrs Yvemae LaCresse Overturaed ressed afler majer overhiul 1,600 Ld
Bation 1411 twe TH-EW guatraters Tray ~ Seminsle  Ovarwraed 1,304 "
Satien 1411; twe TH-KW gonsreters; lrems Apacin Overturndd; ponioon thak walle diehed 1. 1,288 ~
S Navy pesiess fusl maky
Matlcs 1L twe T0-KW generaiers lrons Hurem Overturaed; recevered and salvaged; (X [ B ]
3 Navy pestesn fusl tanks. pentesn Lanks adamaged.
Yesounm Pipeiinen
Wation 1811; 1013, 18 tash OD seel Yestit  LACTesss  Comphately dnatreysd at lasa thia ) 30 1,300 "
vorvmm pige 1iae relisr supperted foet; wndamaged beywnd 1,908 heet. 1,090 L)
30 fost ¢.0.; ¢riemmed spproximately
Tedial W the blast.
Sintien 1811; 1813; pipes tanguutial ¢ Yrmas Glsckiest  Undumaged buyesd 1,100 foet. 1,100 «
blast.
Utilition and Vsutilation Egquipment:
Buibiiag T8 Powsrbouee Tveans LaCreset  Alr intahe deet buret when btwrfty [ R ] 1.4
valve iniled s alom.
Palion TR1N; Powarhmiisy Sally Yumms Ploauwm chumbar axploded when hutterfly #55 i
valve lailed to slene.
Buiding 108; Powerisuse Urmida Kickages  Playm damber burst. s 000 (%]
Sulbdiag TR Powirhewse Yvonmt Erie Ovislde 1usl Lindd brohen off loading (Mo 2,300 13
fusl sarage tanks; fus. linas leading
1Nkl poweThousd brolea ot entry.
Miscellamex ua; water clossts, urissls, Yvoans LaCrosse Plumb [ ! d i wndergreasd 0,000 LR ]
is, wdsrgrouad wil wiilitias usdioturbed sxoapt thal cxpassd
fartures moved by the blast severed
Piplig 0RIA0L10RS (0 * 20 MAIR llaas (Lump
ares)
Alrport Ruaway:
Aspheit paved runwey Yeoune Lrie Moduram desage; aaphait hroky iste E 1) 1,000 to
small plones; axynaad wond luyring 0 [ ]
o bulhbead bursed awsy. -
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TABLE i.4¢ DAMAGE SUMMARY., OPERATION MARDTACK

|~
Descripaicn “’&-'A v Mazimim Damage ":::r Bpacial Remarks

Neinferosd-Conare's Struciures;

Satien 1341, Costle. Phote ahar. e fnvars damage 1
Three sories bigh. Dumaged from
somia Prave ami hemes ! Opocntion
Chille. Feo damage trom Cporstion
Redwiag .

HMadien 300.51, Redwing. Condress Shal- 1,000 *‘ompiawly destroved. 1 Interior radiation messuremaat,
wr. de damage from Opersiicn ‘Wave acden.

Rotw.ag.

Satiem 1019, Dedwing. Poinderend- 1,708 Compistely destroyed. 4 Wave wotion.
ocontress phets mmher.

Batiea 79.91.  Controbh Hilag shaiien. L4 No damage. ] Inricr radinlioh MEASLTSIT.ONL.
Mo dumags frem Operediam Redwing. Wave actiom.

Matien 1004, CAtIe. Coneratn mgpert i Light damage. .
strusmre. Damaged frem Shet Breve;
we Siiliiondl dasige fram Bhot Remes
of Oparadien Cantle. MNe dumage frem
Cparaien Bedwiag.

Seathes £119. Conxlal vennovior pit. o Wo Jamage. 13
alrucinre.

Statien 570, Commssiar pit, cscreie 1.400 Ne damsage. 14
Do, sATh snpuniind.

natien 1230 .61, Camervie bunher. 1.080 Ne damage. 15

Matien 3239.08. Coniress duaber. 1.0 Ho damage. 18

Beation $30.01.  Buritd coRerols structurs. " No damaga. 17
tastr tion pit far siiects.

Mation Compian. A samorein shelwer, “ Retaining well tailed. te Intestof Fadisticn Biasirement.

el = 181l _ Wave sctican,
of Maens 1634, 1008, and 1311). N
damage o interier of stdtion Dreds BRats
seminsle, Apsche, or Hurem of Opare-
ten Redwing.

matiea 1533, A reininrevd-semcrete 42 Severs damAge 38 TeiAIRING i ] Tharmal radistion. Wave
¥ hoar statiom. wall. actisn.

Biakion 1311. A comt ToWe SMlbOWT a Light damage. » Thermal rodiation.
sation mounded with sarth.

Siation 1410 4 131). A reinisrosd- (%) No dunage. 4]
caherete atruchure and termisus of
wibsling.

Setioa 3 4. A relaforced-contred 3 No damage. 11 Interior raciation messu swvent.
signal terminal pit. ‘Wave acties.

BsUen 1310. A rvlalerodd-cosorela L No damage. 1) Blast diffreciion stedy {Appendix
TOOOTTiAg Simlien. B). Thermal radiaton. Wave

wotlua,

Seaties 3.1.1. Threa-siery, mulli~ *® From light damage W - 3 Thess siructures wers subjecied
COMPATUNSAL 1AL AUFUILTE! COROTEN collupes, depending on @ repantad londings (s 1ks 10
{rame, swel frame, G controls Shadr type of struowrs. pai o 7 - pal (ove sressure}
wall csastructisn. rangs.

Station 39-B. Reinferosl-0oncrete gage " Savers damage. [nilure al i Brechiral response Muldy
plar. baay of Mom. {Appendix C).

Bation TT.05. A reiniorosd-concreem, 17 Mo damage. ]
sarih-meunded timing vintion.

Batien 1136, A reinferosd-oencress L] Light damage to tuanel only . n Tharmal radiption, 830 cal/oml.
bunker with & side Wowl,

satien (118, A relalroed-oewmcreln 4 No damage. a3
trmindl for & pipsiing.

dtation 1513, A reiaforesd-~~cretc, 1200 & o0 e fn o retnining 34
sarth-monnided Tritvx Weldon. wall. Lght damage

wreoturs.

Mation 119, A jarge, massive, i No damege. ]
reiafarcnd -conorvwe, sarthe
rieanied garvomre.

..l Biructurss?

Mations 152.01 sad 153.01, Redwing. 1,200 Complewly destroyed. 3
Sias] heama aad Pressure-gage mounis.

Sistions J5.01 through 36.05. Wamr- R #0.01, 84.02 dastreyed, §0.03 1] Maxdmum jotal termal
wave guges. damaged. radiation 2,000 cal/em’,

Biation 3.1.1. Three-story, mulll- ) From light damage % col- k1) Thees st uctures were subject
compartavem teet struciure: ot noTel lapas, depanding oh typs w rapsaisd Jeadings is the

frame, steal teama, and n2= 100
shea; wall consiruction

of sirvolire.
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TABRLE t 4 CUNTINURE

Maximum Toam
1 L smark
N fﬂu ':mu{l\ inorpressure Maximum Lsamage Number :xnll " ]
Station 1240 4. Cubils maunied on 4 [EV Bevars damage. n
MR tural -sie; pleiform,
Sations 13330010 G 04 Four steel- 480 Complews dastruction. 1%
Pip Lowers sncased by plywon)

cowTing.

Wuod Frame Ntruciures:

Ctation 2419.01. Wonden ehaldr sArth. E11Y Complriely desiruyed. T
wosivded .

hation 1410.03.  Woodut: shaHaT sarwh- 144 Coriplewly daatroped. [
moxaded.

Hation 2410.03. Weoaden ehalMr sarth- k] Complebely dasiroyed. ]
aladed.

#ation 1310, Plywesd cesmruciion n Plywoad resm dastroyed. "
hatenen Buatiens 1830 sad 1530

Consthuatien camp. 0.t No damage {rom aay of tiw Nan

ELTN

Construction camg. i Savere Jsmage. boe

Conelrutlion Samp. L% ] Complele fputruttion. Janal

Construciion coiapg. [N ] Complets desiruction. Yvoane

Miscelisnsoue Strvctures:

Calion 1260, 131 7 towar on Wl 61 e No demage 12
contheis pholo tunker-

USRITRIOPS. Four, 78-kva, diasei- an Savers Jamage. EL g
driven unite.

Helicapaar pad. el landiag male. AL Conplo destruction. b1

Station 3.1.3.  Usdergrowsd st ks ] No damage, B
strucire.

Lading o n Lighl dumage. 1 Wave attion.

Water iaak. A 11 080-gullen task ol 1 Light damage. M

-(uoh sseal piate, 8 feet high, sad
10 feut 16 inchen ia redius.

destroyed by air-blast ov :rpressurea of 4 to 5 psi and greater; none were deatruyed by over-
pressures less than 4 psi.

1.2.3 Conclusions from Castle Damage Survey (1954). (1) The blast wave of a 15.0-Mt aur-
face hurst caused considerable damage to light wood-frame structures vut *> a radius of about
16 miles from ground zero. (2} Trussing and knee bracing was sffective in decivasig vic acvws =
ity of damage to light wood-frame bulldings at grent distances. (3) Heavily relnforced-concrete,
above-ground, shelter-type structures subjected directly to the biast wave received significant
damage as far away as 1.9 miles. It was not known how much farther thia damage would have
extended. (4) Earth cover appea.ed to pruvide a considerable degree of protection from zir
stwock to reinforced-concrete, shelter-type structuresd. The addition of the earth cover appeared
to be beneficial, primarily due to decreasing the blast loading by improving the aercdynamic
shape, which in turn reduced reflection factors. Also, there was a poasibility of slight attenua-
tion of preasure incident on the structure, depending on the depth and condition of the earth cover,
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Chapter 2
FROCEDURE

2.1 SHOT PARTICIPATION

The objective dictated that this project {a joint WES-H&N effort) adequately document informa-
tion from nearly all the Operation Hardtack shots. The major effort of the project was concen-
trated on the early shots which were expected to yield the most significant information for this
project. Some supplementary information of interest, however, was also expected from the later
ghots. Therefore, because this proiect was to be a minimum effort using limited funds and per-
sonnel, arrangements were made with HLN to receive the damage survey normally conducted by
its field organization. In addition, it was planned to have d nroject representative visit the test
site after the operation to obtain additional data regarding the later shots. The schedule of ob-
servatlon of effects from the varivus shots by the project during the operaticn and by the proj-
ect repregentative after the operali.. .o siaown in Table 2.1,

The general layout and planned shot geometry for Operation Hardtack events, including the
code name of the shot, site (island), and stations investigated, are shown in Figures 2.1 and 2.2
for Bikini and Eniwetok, respectively.

2.2 INSTRUMENTATION

Eleven self-recording, air-overpressure gages and six self~-recording accelerometers were
located as shown in Table 2.2. The locations were selected to provide the most useful data,
taking into account shot geometries with respect to structures, and the available instrumentation.
The exact location, a3 well as the results obtained with these gages, appear in Chapteris 3 and 4
under the section pertaining to the structuce in which or near which the gage was actua.ly located.
The gages were furnished, calibrated, and read by personnel from the Ballistice Research Lab-
cratory (BRL).

The self-recording pressure gage consisted of a precisely govi ned, battery-operated motor
that rotated a silvered-glass alsk placed in operation by a fast-ris.ng light pulse or thermal ra-
diation from the detonation. A stylus attached to a compact metal-bellows element traced on the
rotating disk a record of the dilations of the beilows produced by the pressure of the blast wave.
In this way, a time-dcpendent record of theblast pressure was impressed on the disk.

The self -recording accelerometer was similar tothe self-recording pressure gage, except
that the sensing element was a cantilever apring with a .uass attached at the free end. A re-
cording atylus was wounicd va thic mass. A 7-rond cloment wag mounted at a right angle to
the other so that the two styluses recorded acceleration in two planes on a single glass disx.

For a more detailed description of these two types of self-recording gages, including methods
of installation and callbration, see WT-—1612,

Losiuwter Film Packets, Type 559 (manufacturea vy E.1. du Pont de sNemours and Co.} vb-
tained from and processed by TU 7.1.6 were placed in varlous stations to determine total garama
radiation. The location of the film badges and the values obtained appear ln Chaptera 3 and 4
under the section pertaining to the appropriate structure in which the badges were piaced. The
film used had two ranges of sensitivity; one from 0 roentgens (r) to 10 r and the other from
2rtod400r.

Photograpns were taken before and after the shots at each station so that & visual comparison
of damage could be made.
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Figure 2.2 General plan and shot geometry for Eniwetok Atoil.




2.3 DATA REQUIREMENTS

Air ovurpressure was measured to correlate damage with preasure. The curves shown in
Figures 2.3 and 2.4 were used for predicting values of air overpressure and positive-phase
duration, resp:-ztively, Both curves are based on dala found in References 3 an 4.

The geometry and position of Station 1312, a large, reinforced-concrete diagnostic station
without earth cover (constructed for Operation Hardtack on Site Janet), offered the oppoviuniiy
to obtain loading information for a large diffraction-type target. To obiain this information,
two pressure gages were placed in the front face, two on the roof, and one on the back face of

TABLE 2.1 SCHEDULE OF DATA COLLECTION DURING AND
AFTER OPERATION HARDTACK

Shot

Effects Observed
by Projuct
Representative

Effects Observed

Sit
e by Project During

Operution Postoperation
Bikini Atoll
Alls Fir Carpy
Sycamore Paplar
Aspen
Charlie kir Cadar
Sycamore Poplar
Aspen
Fox and George Maple Redwood
Tare and Sugar Nutmeg Hickory
Juniper
Eniwetok Atoll
Gene, Helen, and Koa Dogwood
Irene Yellowwood Olive
Tobacco Pine
Walnut
Elder
Janst Koa Dogwood
Yellowwood Olive
Tobacco Pine
Walnut
Lider
Yvonne Cactus Linden
Butternut Saquoia
Holly Fig
Magio.ma Pisumia
Rose

ihe statien, The recults of this work are presented 5 Anpendix B.

Acceleration measurements were obtained to assist in relating the response of a structural
system with pressure and, also, to determine whether or not the acceleration was of such mag-
nitude as to possibly caase physlological damage to personnel. Fer the purpose of predicting
accelerations, a curve (Figure 2.5) was drawn from data contained in References 5, 8, and 7.
The relerence data indicated that the vertical acceleration of the floor slab approximated the
vertical aceele - ‘un of the 80il mass at the same level. If it is aysumed that the total weight
of a buried strunture is approximately the same as the weight of soil displacerl, the acceleration
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of the [loor slab (at least in the downward direction} should upproach the [ree-fleld value,

Rudiation measurements were obtained to evaluate and compare actual with predicted values.
The TM 28-200 (Reference 8) was used as the guide in making predicted radiation values, as
well a8 in determining the attenuation factors for the various atructures. A discussion of the
method and caiculations used for predicting radiation within the four siructures that were radic-
logically evaluated L& given in Appendix A to this report.

Water-wave predictions and wave.-crest-height measurements were made by Project §0.1
(Scripps Inatituticn uf Oceanography). The data were used to gtudy the relationship between
wave action and land ercsion. The results of this work are presented in Appendix D.

TABLE 2.2 SUMMARY OF SELF-RECORDING INSTRUMENTATION

Number of Gages

Site Station Air Overpressure Acceleration
pal E
Charlle 78.01 2 2
Tare 2230.02 2 2
Janet 1312 ] 2
3.1.1 i 9

Level surveys were performed to determine the loss of earth cover over several mounded
- gtructures resgulting from the effects of water waves and alr blast,

The recorded damage from this o~ _tirv and past operations, summarized in Chapter 1, was
correlated with various curves of Reference 8, This project also utilized basic data from other
Operation Hardtack projects to amplify the correlation.

An opportunity was afforded to compare predicted with observed response of reinforced-
concrete gage piers which were located on Site Janet. This work is described in Appendix C.
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Chopter 3
RESULTS: BIKIN! ATOLL

For ease in interpretation of regults and reference to various figures, the test results are pre~
sented in order according to atoll, then site {island), and then station. Where appilcable io &
particular station, a brief history relating effects from past operations is also lucluded.

The general teat results and descriptions of the stations investigated vn Bikini are summg-
rized in Table 3.1. Throughout this report, the terms severe, moderate, and light damage ars
used; for clarification the following definitions (Reference 8) are given:

Severe Damage. That degree of structural damage which preciudes further use of 2
structure for the purpose for wlich it is intended without essentlally complete reconstruction.
Requires extensive repair effort before usable for any purpose.

Moderaie Damuge. That degvre of struciuvial damage to principal load-carrying mem-
bers {trusses, columns, beams, and load-carrying wells) that precludes effective use of &
structure for the purpose for which it is intended until major repairs are made.

Light Damage. That degree of damage which resulta in broken windows, slight damuge
to roofing and siding, blowing down of ligiit intevior partitions, aud slight cracking of curtain
walls in bulldings.

3.1 SITE ABLE

The effects of Shots Fir (1.36 Mt), Sycamore (83 kt), Aspea (319 kt), Cedar (220 kt), and
Poplar (8.3 Mt) were observed at Site Able. The shot geometry with pressure contours and test
stations for thia site is sho™n in Figure 3.1. The air blast and subsequent watar wave from
Shot Fir swept the island frec of all vegetation. The extent of inundation from Shot Sycamore is
shown in Figure 3.2, The effects from Shot Poplar which exposed the island to air blast pres-
sures greater than 1,000 pai completely destroyed all man-made stationx.

3.1.1 Item 1, Station 1341, Castle. A three-story, reinforced-concrsete, photographic bunker,
constructed during Operation Castie (1954), was designed for an incident air overpreasure of 50
psi and a reflected pressure on the front face of 130 psi. A factor of safety of over 2 was used
in the design; therefore structural fallure at reflected pressures less than 280 psi would not be
expected {Reference 2).

This station was severely damaged and left in a weakened condition a8 a result of Shot 1
(Bravo) of Operation Casile, which subjected it to about 130-psi air overpreasure. A 95-psi
overpressure from the Romeo shot (Operation Castle) caused additional damage, destrcying
nearly ail of the previousiy damaged thi=d story and making the station unsuitable for cecupancy,
No additional damage was Inflicted during Operation Redwing {1956).

Figure 3.3 shows that blast effects from Shota Fir, Sycamore, Aspen, and Cedar intlicted no
additional damage. However, the high overyressure level of 35 pst from Shot Paoplar sheared
the second floor from the struciure, as shown w: Figure 3.4,

3.1.2 Pem 2, Station 560.01, Redwing. A reinforced-concrete ghelter was construcied and
not damaged during Operation Redwing (1958). The generul plan and elevation for this s ructure,
including film-badge locations, are shown in Figure 3.5.

This atution was located in an estimated 30-, §-, 12-, 10-, and 1,200-psl atr-overpressure
range: trom Shots Fir, Sycamore, Aspes, Cedar, and Poplar.

Pre- and posi~Fir photographs (Figures 3.6 through 3.9) show the effect of wuter waves and
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Figure 3.2 Extent of Inundation on Site Able after Shot Sycamore.

Flgure 3.3 Post-Fir, -Sycamore, ~Aspen, and -Cedar, {Item 1}
Station 1341 on Site Able, nn additional damage. Pressure levels:
Fir, 20 psi; Sycamore, 4.2 psi; Aspen, 8.5 psl; and Cedar, 7.0 psi.
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alr blast on the immediate area., The telephone pole adjaceat to the structure was broken at the
roof line  Although ihe door of this structure could not be sealed tightly due to faulty seating,
it 18 assumed that the pressure bulld-up within the station was slight, Three one-hundred-watt
light bulbs fartened to the celling did not break, indicating that the preasure within the atation
war very low, Three inches of mud covered the floor and high water mark was noted 1 fout 8
inches above the floor. The sand bags were strewn about the entire area, the top of the be.in
was lowered 2 fect, and the earth mound in front of the station was reduced 7 feet in height,
Indications were that at least 3 feet of water had been confined within the circular berm area.
Pre-Fir, pust-Fir, and post-Sycamore profiles of the island between Stations 580.01 and 1519
are shown in Figure 3,10,

Shots Sycamore, Aspen, and Cedar had no noticeable additional sffects on thia station as
would be expected by observing the amall overpressures resulting from these shots. It is alao

Figure 3.4 Post-Doplar, (%tem 1) Staticn 1341. Pressure level: Poplar, 350 psi.

evident from Figure 8.10 that Shot Sycamore caused very little, if any, additional srosion,

The struciure was completely deatroyed from the effects of Shot Poplar. Figure 3.i1 shows
there was hardly a trace that the structure once exiated and only a slight irace indicating the
location of the circular earth berm that once surrounded the structure.

Radiaticn values within the structitve for S.ots Fir, Sycamore, and Aspen are hsica i Tdbie
3.2,

3.1 3 Item 3, Stations 153.01 and 133.01, Redwing. Two steel heams, ons an 8-inch, 67-1b/ft,
wide-flange beam, 10 feet 8 inches long, and the other an 8-by-8-inct, 56.9-1b/ft angle, G feet
8 inches long, were erectud as test drag-type structures and were undamaged during Operation
Redwing (1856).

These stations received an estimated alr pressure of 30, 8, 12, 10, and 1,200 pai from Shots
Fir, Sycamore, Aspen, Cedar, and Poplar, respectively, The stations were undamaged from
the first fous - “.ta except for slight ercsion of the soil around the concrate foundat.ons, (Miqura
3.12); however, the force from Shot Poplar destruyed the steel drag members, leaving only the
consrete bases (Figure 3.13).
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Figure 3.8 Preahot, (Item 2) Station 580.01, Site Able.

£2 ot =

Figure 3.7 Preshot, (Item 2) Station 580,01 including
earth berm, Site Able,
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Figure 3.9 Posti-Fir, (Item 2) Station 580.01 including
earth berm. Pressure level: Fir, 30 psi.
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Figure 5.11 Post-Poplar, (Item 2) Station $60.01, complete
deatruction of atation. Station 1341 can be seen in background,
Preasure level: Poplar, 1,200 psi.

Pigure 3.12 Post-Fir, (Item 3) Stations 152,01 and 152,01.
Pressure level; Fir, 30 psi.
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3.1.4 Item 4, Statlon i519, Redwing. A reinforced-concrete, photographic staticn approxi-
mateiy 24 ‘eet long, 9 feet wide, and 7 feet high and weighing 50 tons was constructed and un-
damaged structuraily during Operation Redwing (1958).

This station was locuted in 2n estimated 37-psi overpressure range from Shot Fir and was
displaced 11 leet horizontally away from surface zero. A post-Fir view ls shown in Figure
3.14. The pressures of 6.8, 14, and il psi from Shots Sycamore, Aspen, and {edar, respec.
tively, caused no further damage or moveément. The very-high overpressure of 1,700 psi from
Shot Poplar compleiely destroyed this station.

3.2 SITE CHARLIE

The effects of Shots Fir (1,36 Mt), Sycamore (83 kt), Aspen (319 kt), Cedar (220 kt), and
Poplar (9.3 Mt) were observed at this site. The shot geometry, with pressure contours and test
gtations, is shown in Figure 3.15.

The alr blast and water wave from Shot Fir swept nearly all vegetation from the island. In-
undation caused from Shot Fir extended past Station 78.01 as can be seen in Figure 3.18. A light
steel tower, shown 1n Figure 3,17, was located in the 25-psi air-overpregsure range of Shot Fir
and was completely destroyed, leaving no trace of the structure.

9_.2.: Item 5, Suation 78.01, 1318 Redwing. A reinforned.concrete timing station, constructed
and undamaged d:-l.g Operztion Redwing (1956) was modified for use in Operation Hardtack (1958)
by adding a new entranceway and mounding earth over the old entrance and retalning wall,

This statlon was located in an eSiiiwid 33-, 6.7-, 14-, 11-, and 50-psi alr-overpressure
range for Shots Fir, Sycamore, Aspen, Cedar, and Poplar, respectively, However, the struc-
ture apparently received no structural damage from any of the shots. The general plan tncluding
locations for accelerometers and fi'm badges is shown in Figure 3.18 while the data obtained
from the radiation measuremen.s are shown in Teble 3,3, The data obtalned from the air-
averpresgure gages shown in Figure 3.15 are presented in Table 3.4. No records were cbiained
from the self-recording accelerometers located in this siructure.

The structure, including the earth mound over the structure and light steel structural mem-
bers used for gulding a guillotine-type gate over the entrauce, is shown in Figure 3.19 prior to
Shot Fir, in Figure 3.20 after Shot Fir, and in Figure 3.21 after Shot Poplar. For Shot Fir it
appeared that the water-wave run-up on the side of the mound facing surface zern was 5 to 8
feet vertically (see Figure 3.20) and that the passing wave reached a height of 1 t0 2 feei as yi-
scrved by the water marks on the earth mound. A heavy, Interlor steel door was knocked off
its pin and socket hinge from the shock effects of Shot Popiar.

3.2.2 Item 6, Station 1200, Castle. A reiniorced-concrete, earth-mounded structure was
constructed during Operation Castle (1954). The structure, situated in the 130-psi air-
overpressure rznge, was damaged from Shot 1 (Bravo) of Castle; poriions of tiie parapet and
retalning walls at the rear of the structure were torn off by the blast. No additional damage
was received during Operation Redwing (1856). The earth cover around this station was removed
alter Operation Redwing.

This station wag located in the 20-p.| air-cverprescure range for shot Fir and recetved
slight additional dainage. A retaining wall previously damaged was forced over, leaving only
the reinfor.ing steel holding the cracked portion to the main section (Firires 3.22 and 3.23),

No additional demage as the result of Shots Sycamnre and Anpen was oneprrved. The station
appeared [ntact as observed by distant cbservation after Shots Cedar and Poplar which caused
pressares of 7 and 32 psi, respectively.

3.3 SITES FOX AND GEORGE

These sites war:- exposed to Shots Maple (230 kt) and Redwood (412 kt); however, the destruc-
tiveness of Shet raple was such that no algniticant additional damage was toflleted by Ghot Red-
wood., Site Fox was completely inundated by the water wave generated trom Shot Maple while
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Figure 3.13 Post-Poplar, (Ttem 3} Stations 152.01 and
153.01. Pressure level: Poplar, 1,200 psi.

Flgure 3.14 Post-Fir, (Item 4) Station 1518. Pressure
‘level: Fir, 37 psi.
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g2 TR N R
Figure 3.18 I'..i- iir, Site Charlie, extent of inundation.

o

Figure 3.17 Preshot, steel tower on Site Charlis;
completely destroyed by Shot Fir, 25 psi.
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Figure 3.18 Plan ncluding accelerometer and fiim badge locations
for (Item 5} Station 78.01, Site Charlie, Redwing Station 1318.

Site George was partially washed over. The shot geometry with pressure contours and test
staticus for the two sites are shown in Figure 3.24,

3.3.1 Items 7, 8, and 9, Stations 2410.01, -.02, and -.03. Three identlcal timber shelters
mounded over with earth were consi=-‘ed during Operation Hardtack (1958}, A typical preshot

Flgure 3.10 Preshot. (Item 3) Stutinn 78.01, Site Chuwlta,

view {8 shown in Figure 3.25 and typical post-Maple view (pressure level, 85 psi) in Figure 3.26.
All three structures were compietely destroyed and the earth meunds over the structures were
washed away by the blast and water-wave forces of Shot Maple,

3.3.2 ltem ', Stations 50.01, -.03, -.03, -.04, -.05, and -.08, Six water-wave gages were
constructed and located as shown in Figure 3.24, The structural details of x typical gage are
shown in Figure 3.27.
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Figure 3.20 Post-Fir, {Item 3) Station 78.01. Pressurs
level; Fir, 35 pai. Arrows {wdicate extent of inundation,

TN N «

Figure 3,21 Post-Poplar, (tewn 5) Station 78.01. Presaure
level: Poplar, 50 psi.

Figurs 3.22 Preshoi, {ltem 8) Station 1200, Site Charlie
looking toward surface gero.
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TABLE 3.2 RECORDED RADIATION WITHIN STATION 6680.01 (ITEM 2)
See Figure 3.5 for a detailed .ocation of film badges,

Plan of Film-Badge Locations -‘SE_*
ad
*B
Ce x a
*]
F E
- .

® Film badge locatad 3 feet above floor
X Film badge located on ceiling

Radintion, r, at Film=-Badge Locations

Shot A B C D E F G

" _BY _&F_Bf_ & h F__BY T _bf T_BY & et
Fir 4.1 —_ 5.0 -_— 3.0 _— 3.0 — 3.9 — 6.9 — — —_ -
Sycamore ¢.86 -_— 0.19 —_ 0.13 — 0.09 — 008 — 018 — —_ —_ —
Aspen 20.0 22.0 4.8 4.8 3.4 — 2.3 —_— 3.2 — £.2 4.4 2.8 2.8 2.2

* Plane of badge on surface of wall or celiing.

t Plane of badge normal to both wall and ceiling.

1 Plane of badge normal to ceiling and psralle] to short wall.
1 Plane of badge normal to cetling and parallel tc long wall.

F'gure 3.23 Post-Fir, (Item 6) Station 1200. Pressure
level: Fir, 20 psi. LN
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All the wave stations survived the effects from air blast and water waves gensrated from
Shot Maple; however, Station %0.04, which welghed about 10 tons, was thrown approximately
300 feet. The looting of Station 50.01 wks cracked vertically. A preshot view of Stations 50.01,
-.02, and -,03 is shown in Figure 3,28 and a post-Maple view in Figure 7.20(a). A large con-
crete block welghing approximatuly 15 tons (shown in the foreground of Figure 3.28) was thrown

Figure 3.25 Preshot, (Item 8) Station 2410.03, Siie Fox.

approximately 150 feet by the force from the water wave generated by the shot. ‘The final posi-
tion can be seen in Figure 3.28(a). However, no structural damage wae observed {or this block
which was locatad in the 340-psi range from Shot Maple.

These stations were gubjected to thermal radiation with values ranging from 400 t:ill/t:mt to
1,200 cal/cm! for Shot Maple without noticeable effects. Shot Redwood then subjected the stations
to higher values of thermal radiation ranging from 800 cal/em? to 2,000 cal/em?.

Figure 3.26 Post-Maple, {Item 8}
level: Maple, 85 psi.

s .

Station 2410.02. Presaure

As a result of Shot Redwood, the two closest stations, 50.01 and 50.02, were destroyed. Sia-
tion 50.03 was moderately damaged; the leeward pipe of the gage tower buckled laterally, leaving
the whole towar t{liting away from surface zerc. Station 50.04, which had its base completely

exposed (l.c.. was not buried) was washed tc the far side of the island. Stxtichs 50.05 and 50.06
reriained undamaged.

53

SECRET



il ik
i b / o B
; i (neehee E .
! :{ 1Y u‘-u'unt 3
I
! il E 1
] i {
1
B LA SR
W, r -
T f 1 ' )
S i i 4
! i ' FRY LIPS SR
: g i (Typl
Uy I ! hj 3"Litting Eya
i ! f Butt Weid Full
! i Ponetiviis:
! i X 15 Re-Bor ¥
| | ) b ]
i ] j i J -
ik} i i -
€I =xd .'ﬁ-:ﬁ—-:f ;:—_:{.—.ﬁz =
! . il - N
1} ! IJ[ I
b
1 IJ ]
¥
!
i *5¢
Iy : 14°
h L3
i "“—.{ 3" c.
w FERT RS L ssicras ks
4 " P .j g . N
~egeip’ TR bW LN
SECTION A-A
.o '
e Ty Tekel _Z -3 Tl VRl T L
1-g Tyoa T _2°8 Typel 1% Tvsa B_2 -3 Ly
"Ir—
3 1 3"Lit
b o ()
e N -
. o Ty U
¥ |
b IR Y N
i l o-¢"{Typ) Dzl
TN R
. : e gl
k3 [ 10 aa 40 “\1'&“'.*_!’.' : 7 !
51 Pips for Type 1 v 6-8" Long l
A gt - T by - £ — e A
SRR |
) .
"Ho[usﬁmdc Entry
o S§.1.0. Wave- Height
FLAN Receptacies Waich Records

Moximum Woler Haight,

Figure 3.27 Flan and elevation for wave stations,
(Item 10} Stations 50.01 through 50.06, Site Fox.

£3
SECREY



Station 50.03 which survived both shots ia shown in Figures 3.28(b) post-Maple and 3.28(c)
post-Red vood,

3.3.3 Item 11, Station 1510, 1830 Redwing. A reinfor-ed-cencrete sheiter was rehabilitated
for use ln Operation Hardtack and a large plywood room added to the station between the existing
structure (Redwing 1830) an Statlon 1030 (Redwing 1528).

A pre- and post-Maple viaw of the structure is shown in Figures 3.30 and 3.31. The blast

s 2 i

Figure 3.28 Preahot, {ltem 10) Stationa 3¢ 11,
Site Fox.

b . 1\“-‘“'"
-.03, and -.03,

effects (14 psl) destroyed the plywood room but caused no structural damage to the existing
reinforced-concrete structures.
No additional damage was sustained as a result of Shot Redwood.

3.4 SITES SUGAR AND TARE
The effects of Shot Nutmeg {24 kt), Hickory (13.4 kt), and Juniper (63.8 kt; are reported

Nrvare 0

ationa 80.01, -.02, mug -.0&.

Pressure leveis: Maple, 350 pai, 260 pail, and 180 psi, respectively.

herein, The snot geometry, with pressure contours and test stations for these sites, is shown
in Flgure 3.32. A post-Nutmeg picture, Figure 3.33, taken {rom above surface zero shows most
of the test stations. A comparison of Figures 3.34 and 3.35 shows the damage to the timber bulk-
heand and sandbags 'ocated at the end of Tare before and after Shot Nutmeg. Severe shock from
the first shot cr.caed the recording disks for bouh air-gverpressure gages, the locations of
which are shown in Figure 3.32. However, the records were pleced together and the recorded
results *or Stations 174.33A and B were 285 psi (estimated peak) and 310 psi, respectively, while
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the predicted pressures for these two locationa were 330 psi and 310 psi, respectively.
Shot Hickory had no appreciable elfect on the isiand or any of the structures on the Isiand.
Che #ast end of Site Tare wis severely washed by the affects of Shot Juaiper as c#n he ob-
served In Figure 3.36 rhowing that Iteraa 14, 15, and 16 are now located in water, while Itera

17 is now located on the high tide line,  No structural damage was imparted to any of the atruc-
tures.

Figure 3.29(b) Post-Maple, (Item 10) Station 50.08.
Pressure level: Maple, 10 psl; 800 cal/cm’.

3.4.1 Item: 12, Stations 2200 and 2250, Statlon 2300, a reinforced-concrete, pholographic
bunker was originally constructzd and remained undamaged during Operation Castle (1954). The
station was rehabllitated with additions for Operation Redwing (1956) and received damage aniy
to several adjoluing retaining walla. For Operation Hardtack (1968), the station wan again re-

RRETY Y
L

3% ! -
Figuve 3.39(c) Pust-Redwood, (ltem 10) Station 50.03.
Presaurs level: Redwood, 360 pai, 1,400 ca.'cm’.

habilitated with more additions. A 150-foot diagnostic tower designated as Station 2250 was
erected atop Station 2200.

The stations were located In the 8.2-psl range from Shot Hickory and minor damage was re=-
ceived by the elavator cab of the tower, No damage was incurred from the other shots. A gen-
eral postshol picture is shown in Figure 3.37.
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3.4.4 ltem 13, Station 22i6. A reinforced-concrete, sand-mounded caornector pit with the
frent wall sloping at 17, to 1 on the side facing the vero station was constructed during Operation
Harc'azk {1958). The walls (except the sloping froat wall) were about the same size and config-
uration as those of the structure shown in Figure 3.41.

‘This e*vucture was located in the estimated 170-~, 90-, and 430-psl air -overyrassure regicn

Pigure 3.30 Preshot, (Item 11) Statlon 1810, Site George.

for Shots Nutmeg, Hickory, and Juniper, respectively, and was ndt damaged structurally by any
of the shots. A view of this siructure prior to being mounded with sand is shown in Figure 3.38,

Sand was placed level with the roof of the structure,

3.4.5 Item 14, Station 2270. A small, reinforced-concrete connector pit mounded over with

po - g = L pL™ " B
Figure 3.31 Poat-Maple, (Item 11) Ration 1810. Preesurs
level: Maple, 14 psi.

£and was constructed during Operation Hardtack (3238). A preshot vicw I thiz station prior L

being covered with sand is shown in Figure 3.30.
This station was located in the estimated 480-, 260-, and 1,400-psi overpresaure range for

Shots Nutmeg, Hickory, and Juniper, respectively. Even thuugh the staticn was expoaed to
axtremely high overpressures it was not damaged structurally. A post-Juniper view of this
structure ls shown in Pigure 3.36.
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Pigure 3.34 Preshot view of timber bulkhead and sand bags
at west end of Site Tare,

Figurs 3.35 Pyst-Nutmeg view of timber bulkhead and sand bags
at w:~2t end of Site Tare. Pressure level: Nutmeg, 650 psi.
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Figure 3.0u Fusc~Juniper view of east end of Site Tare
looking toward surface zero.

Figure 3.37 Post-Nutreg, {Item 12} Stations 2200 and 2250.
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Figure 3,38 Preshot, (Item 13) Statior 2210, Site Tare, prior
to being covered with sand.

Figure 3.30 Preghot, (items 14, 15, and 18) Stations 2270, 23%0.01,
an’ :.30.02, Site Tare, prior to belng covered with sand.
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Figure 3.40 Posi-Nutmeg, (Items 15 and 16) Stationg 2230.01 and
2230.02. Pressure levels: Nutmeg, 350 and 320 psi, respectively.
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Figure 3.41 Plan and elevation Including the location of self-recording
uccelerometers for (Item 16) Station 2236.02, Site Tare.
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3.4.4 PPem 15, Station 2230.01. A reinforced-concrete detector structure was constructed
during Operation Hardtack (1958). For practical purposas the plans for this station were the
same as those shown in Figure 3.41 for Station 2230.02 except that the walls were § inchea great-
er in thickness.

This station was located in the estimated 350-, 200-, and 1,050-pel air-overpressure ranes
for Shots Nutmeg, Hickory, and Juniper, respectively, and was undamaged. However, the
structure settled 5 inchas and moved- 1.5 inches toward surface zero after Shot Nutmeg. Com-
parable measurements after the other two shots are not available. For a general preshot view
of this structure prior to being mounded with sand, see Figure 3.39. A post-Nutmeg view, in-
cluding the removed ciocsure plugs, is shown in Figure 3.40.

3.4.5 [tem 186, Station 3330,02. A reinforced-concrete detector structure was constructed
during Operation Hardtack {1956). The plan and section for this structure, including the location

Figure 3.42 Post-Nutmeg, (Item 16) Station 2230.02, close-up
of damaged 42-inch corrugated metal pipe. Pressure level:
Nutmeg, 320 psi,

of self-recording accelerometers, are ahown in Figure 3.41,

This station was located in ihe estimated 220-. 180-, and 1,000-psi air-overpressure range
from Shots Nutmeg, Hickcry, and Junipor, respectively, and was undamaged. However, sea
water that leaked past the closure plugs into the structure as a result of the water wave from
Shot Nutmeg corroded the recording disks of the accelerometers, thus ¢ :using a loss of the data,
A manerg!, preshoi view of the structvre and the attaciicd 42-Iech, round, cuvirugated-metal plpe,
picior to being mounded with sand, is shown in Figure 3.38. Damage to the pipe after Shot Nutmeg
ia shown In Figures 3.40 and 3.43.

3.4.6 Jtem l'lL_S_tl.tlon 630.01. A reinforced-concrete instrumentation pit was constructed
during Operation Hx rdtack (1058).

The station v . situated in the estimated 210-, 120-, and 580-pyi nir-overgrecsure range
from Shots Nutmog, Hickory, and Juniper, respectively, and auffered no apparent damage,
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Chopter 4
RESULTS: ENIWETOK ATOLL

This chapter pertains to the results obtalned at the Eniwetok Atoll; however, the introductory
remarks of Chapter J are applicable here as weil,

‘The general test results and description of the stations invesatigated at Eniwetok, including
estimated peak overpressure, duration, free-field gamma radiation, and ficor-slab acceleration
where applicable, are summarized in Table 4.1,

4.1 SITES GENE, HELEN, AND IRENE

The effccts of Shots Koa (1.38 Mt), Yellowwnod (34C ki), Tobacco (11.7 kt}, Walnut (1.45 ML),
Elder (840 kt), Dogwood (397 kt), Olive (202 kt), and Pine {2.1 Mt), are reported at these sites.
The shot gecmetry, with pressure contours and test stations, is shown in Figure 4.1. The de-
tailed information concernlng iu. Jii.uis on the various stations from each shot is presented in
Table 4.1,

Small craters ranging from 30 to 60 feet in diameter and 6 to 10 feet deep dotted site Irene
and were generally located near the long pipeline extending from Station 1410 to ground zero.

It is believed that these craters were of the impact type (s indicated by wide, Ilat bottoms) and
formed by missilea (possibly concrete blocks used for the pipeline foundation or pieces of coral)
resulting from Shot Koa. A typical crater of this type is shown in Figure 4.2; the concrete block
in the picture was one of the foundation blocks for the pipeline,

4.1.1 Itcm 18, Station Complex. A reinforced-concrete recording station was constructed
during Operation Redwing (1936) and received no major damage during th-t operation. Thias
station was rehabilitated for use in Operation Hardtack (1958), and various paris ui i vesiguawu
ag Stations 73.01, 1314, 1534, and 1611, The generai plan for the station complex and other ad-
joining stationa ia shown in Figure 4.3.

The highest overpressure received by the complex was an eagtimated 42 psi {rom Shot Koa.
The interior of the station was .ot damaged by any of the shots, The reinforced-concrete wing
wall located &t the entranceway (Figure 4.4) was slightly cracked prior to any of the shots. The
wing wall was not keyed to the structure nor was reinforcing steel used to tie the two together.
The wall waa side-on to the blaat wave from Koa (40-psi range) but raceived no additional damage.
The same wall was face-on to the blast from Yellowwood (11.5-psl range) and was cracked loose
from the main structure. The vestical crack was approximately ¥, inch wide and extended the
entire height of th: wail (Figure €.5). The wall falled from the face-on blast eitects ar Wnlnut
(28-~psi range) and cracked locse at the intersection of the ground surface behind the wall (Figure
4,9). The remaining shots had no additional offects.

The res:lie obtalned from the film badges 1 cated ag shown in Flzure 4.3 are shown in Table
4.2,

4.1,2 Item 19, Station 1525. A reinforced-concrete diaghostic station was constructed during
Operation Hardtack (1955). The general location of this station is shown In Figure 4.3 and the
detatled plan and elevations are shown in Figure 4.7.

This =+ 'un received the highest estimated overpressure of 42 psi from Shot Koa. The is-
taining wail integral with the front wall of the structure was severely demaged by face-on air
rlast from Shot Koa but received no additional damage from Shots Yellowwood or Tobacco. How-
avel, one end of the wall was destroyed by Shot Walnut. A preshat view of the front wail with
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TABLE 4.2 RECORDED RADIATION WITHIN STATION COMPLEX (ITFM 18)

See Figure 4.3 lor detailed location of filn' ha.zes. All badges are located 3 feet ahove fioor
ievel with the plane of the badge on the surface of the wiil except a8 nated.

Plan of Film-Badge localions

-
E
LYPR
g1
2
Shat Radiation, r, at Film-Badge Locations -
A A* B C D E F a H 1t
Koa an.0 —_ 16.0 4.90 1.02 ©.52 0.17 o.12 0.11 —_
Yellowwood 4.0 - 220.0 5.00 0.30 0.10 L [ (1} —
Walnut 800.0 —_ 950.0 130.¢ 7.85 1.80 0.77 -_ _ b
§Ider T700.0 700.0 6.0.0 44.0 10.2 1.8u —_ — — 830.0

* Piane of badge norma! i oot ~ull and celling.
1 Plane of badge on back side of I-beim stiffener of blast door.

. - "

Figure 4.2 Post-Koa, typic.l lmpact crater, 4,300 feet from
ground zero.
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Figure 4.3 PL.n of station complex on Site Irene,

Figure 4.4 Preshot, (Item 1B) atation complex, close-up
entrance and crack in wing wall, Site Irene.
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Flgure 4.5 Post-Yellowwood, (Item 18) station complex, close-up
of entrance and cracked wing wall. Pressure levels: Koa, 42 psi;
Yellowwood, 11.5 psi; and Tobacco, 1.8 psi.

i e T L <y

Flgure 4.8 Post-Walnut, (Itein 18) station complex, close-up of
wing wall fajlure. Pressure level: Walnut, 28 psi.
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ita painted surface is shown in Figure 4,8. The retaining wall cracked around the outline of the
side walls and ceiling of the structure as shown in Figure 4.9. The diagonal cracks !rndicate Lhe
bending failure of the wall. A side view is shown in Figure 4.10. ‘The damage from Shot Walnut
is shown .n Figure 4.11. No significant damage was obsgerved from the remaining shots.

Thermal radiation burned the paint off the structure, as can be observed by comparing Figures

S e S gt

Figure 4.8 Preshot, (Item 19) Station 1525, Site Irene.

4.8 and 4.9; the total thermal radiation was approximately 350 cal/cm?®,

4,1.5 Item 20, Station 1311. A reinforced-concrete detector station was constructed during
Operation Hardtack (1858). The general location of this station is shown in Figure 4.3 and the
detailed plan and elevations are shown in Figure 4,12.

Figure 4.0 Post-Koz, {ltem 19) Station 1523, fwie-on view.
Pressure levcl: Koa, 42 psi; 353 val/em®,

The highest overpressure received at this station was an estimated 42 psi {from Shot Koa.
The station was structurally damaged mainly from the effects of Shots Koa and Walnut. A pre-
shot view of the retaining wall for this station is shown in figure 4 13, a post-Koa view i8 shown
in Pigure 4.4, and a post-Walnut view is shown in Figure 4.15.

The insrmal radlation (and sand blast) had scme surface effects on tne reiaining wall; the
thermal radiation was approximately 350 cal/cm?.

5
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The entrance to this station was nearly filled with sand ag the reault of Shot Koa, as shown by
comparing Figures 4.16 and 4.17.

The plain-concrete floor of this station was badly cracked and the five 24-inch pipes entering
thie station were forced inward about 2’/4 inches (Pigure 4.18). The crack pattern (shown in
Figure 4.19) indlcatee that the existing foundation underneath part of the floor gave additional
support to that portion,

™ N s e
Figure 410 Post-Rua, {livin 19) Station 1525, side-on view.
Pressure level: Koa, 42 psi.

4.1.4 Item 21, Stations 1211 and 1410, A reinforced-concrete structure situated at the
Irene terminus of & large pipeline from Gene was erected during Operation Hardtack {1958).

The highest pressure received by this station was an estimated 43 psi from Shot Koa. The
structure was not damaged structurally by any of the shots. However, the earth cover on the

(2t
Figure 4,11 Poat-Wainut, (Item 18) Station 1525, retaining
wall faliure. Pressure level: Walnut, 27 psi.

gide of the structure facing surface zero for Shot Walnut was blown and washed away, exposing
the concrete wall surface (Figures 4,20 and 4.21).

A preshot view - the 5,200-foot-long pipeline leading from this station to ground zero is
shown in Figur- - .22. A postshot view is shown in Figure 4.23. Only about 800 feet of pipe
farthest from ground zero remained in the area and connected in one piece after Shot Koa. This

6
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v it SR NN P
Figure 4.13 Preshot, (Item 20) Station 1311, face-on
view of retaining wall, Site Irene.

Figure 4.14 Post-Koa, (ltem 20) Station 1311, face-on
view of retaining wall. Pressure level: Koa, 42 psi;

350 cal/em?,
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s

Figure 4.15 Posi-T2lnut, (e 20} Statlen 1311, face-on
view of retaining wall. Pressure lcvel: Wainut, 28 psi.

Figure 4.16 Preshot, (Item 20) Station 1311, entrance, Site Irens.

i)
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Figure 4.17 Post-Kos, (ltem 20) Station 1311, entrance.
Pressure level; Koa, 42 psl.

S SIS | il
“ipure 4,18 Post-Koa, (Item 20) Station 1311, 24-inch ateel
pipes pushed inward 2Y, Inchea. Pressure level: Koa, 42 psi.
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Figure 4.1 Post-Koa, (Item 30) Station 1311, crack pattern
in floor. Pr-~ssure level: Koa, 42 psi.

Figure 4.20 Preshot, (ltem 1) Stations 1211 and 1410, view
of side wall facing surface gzero, Site irene.
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Figurc 4.21 Post-Walnut, (ftem 21) Stations 1211 and 1410,
view of exposed side wall, Pressure level: Walnut, 26 psi.

Figure 4.22 Preshot, pipeline to ground zero, Site Irene.

i 3 Ta

Figure 4.23 Post-Koa, pipeliue o ground zero. Pressure
level at near end: Koa, 456 psi,
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portion was thrown from the concrets supporis and was bent lato a semicireular pattern with an
appr ximale radius of 200 feet, The line of concrete supports is shown in the left portion of
PFigure 4.23. Most of the missing portions of the pipe were thrown into the area to the right in
Yigure 4 23.

4.1.5 Item 22, Station 3.4, Castie., A reinforced-concrete, signal terminal pit wiih a gravel
floor was counstructed and undamaged during Operation Castle (1854); neither was it damaged
during Gperation Redwing (1856},

The highest estimated presaure received by this station was an estimated 34 psi from Shot
Koa, The station was not damuged structurally from any of the shota. However, the hatch cover
was not bolted down and the force from Shot Koa moved it horizontally ¥ lnch away from ground
zero,

The plan for this station, including the locations of [ilm badges, is shown in Figure 4.24. The

TABLE 4.9 RECORDED RADIATION WITHIN STATION 3.4 (ITEM 22)

See Figure 4.24 for detalled location of film brdges. All bndges are positioned with the plane of the badyge
on ibe wall surface.

Tilm-Brdge Locations

~——— C o
B
\ l l
N ; A
o
| i >
}c | &
1 e D :
[ S F b

Pian Elevation

Shot Radiation, r, at Film~Badge Locations

A B C D E_
Koa —_— — 6.44 6.79 8.59
Yellowwood  6.28 1.77 0.68 0.67 0.65
walnut 375.0 104.0 21.2 .0 20.0
Elder 460.0 — 35.0 28.0 21.0

reaults of the film-badge readings are shown in Table 4.3. The water-wave action from Shot
Walnut eroded the earth cover away from this structure, as shown in Figures 4.25 and 4.26. Tae
dark area on the connrela walls represents the contact area of the preshot earth cover.

4,1.8 Item 23, Geaerators. Four TH-kva, diesel-driven generators (each 120 inches long,

37 tnches wide, 718 inches high, and each weighing 8,700 pounds), 'ocated behind the station com-
nlox, were left in operation during Shot Koa.

The generators were located w the estimated 38-psi air-overpresaure range for Shot Koa and
were ssverely dainaged. A preshot view of the generators is shown la Figure 4.27 along with
standard. Navy, steel pontoon sections used as fuel tanks.

The earth mound approximately 15 feet abave the ground surface for the station complex
shielded the 7enerators from the air blast to varying degrees. The generziors were located
approxir-ioiy 40 feet from the intersection of the mound with the groupd surface, The gensrn-
tor near the edge of the mound (least protacted from air blast) was thrown 80 feet whiie the gen-
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«.gure 4.24 Plar includirg film badge locations for (ftem 22) Station 3.4, Site Irene.
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Flgure 4.26 m-vmm, (Ihm 22) sm.lnn 3.4, side vio'
showing scouring action of water wave; dark area represents
original asrth cover contact aren. Prassure level: Waluut,

32 pat.

Mgure 4.27 Preshot, (Rem 23) generators, Siie Irens.
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erator nesr rer the center of the mound s s ~vifcted) was moved 2 feet. The other two gener-
atore were thrown distances of 20 and 40 feer. A postshot view of the four generators is shown
in Figure 4.28 and a close~up of one of the generators is shown in Figure 4.29, No additional
damage to or movement of the generators occurred as the result of Shots Yellowwood (11.5 psi)
oxr Tobacco (1.8 psi). The Nu. + pontuon sections were not damaged {rom any of the shots; how-
ever, the air biasts from Shots Koa and Yellowwood moved the sections approximately 100 feet,
Both the generators and pontoon sections underwent additicnal movement durin; Shot Walnut

(28 psi). Movement from the remaining shots was not observed.

4.1.7 lem 24, Helicopter Pad. A helicopter pad approximately 100 by 100 feet, coustructed
of standard, interlocking, steel landing mat, was located near the station complex.

This station was subjected to an estimated air blaat of 38 psi from Shot Koa, and was geverely
damaged, Individual pieces of landing mat were benl, broken, and scattered over a wide area.
Both the negative and positive phase of the air blast acattered the mat. Pleces were found 400
feet from the original location away from ground zerv; other pieces were moved a similar dis-
tance toward ground zero. A postshot view of the landing mat is shown in Figure 4.3¢. Decause
of the complete destruction resultiy, irom Koa no further observations were made for the re-
maining shols.

4.2 SITE JANET

The effects of Shots Yellowwood 7.0 ¢*), Tobacco (11.7 kt), Walnut (1,45 Mt), Elder (840 kt),
Dogwood (397 kt), Olive (202 kt), and Pine (2.1 Mt) were obaserved at Site Janet. Shot Koa had
no real efiect at this site. The shot geometry and pressure contours are shown in Figure 4.31.
The thermal radiation from Yellowwood caused grass fires in scattered areas, Cracks on the
ground surface apparently caused by ground shock from Shots Koa and Yellowwood were observed
throughaut the site.

4.2.1 Iem 35, Station 1312. A large, 4-roum, reinforced-concrete recording station was
constructed during Operation Haruiack (1958), The geaeral plan for this structure, including
the locations of the self-recording air-overpresaure gages and accelerometers, is shown in
Figure 4.32.

This station was located in an estimated 13-, 3.7-, 33., §8-, 31-, 21, and 22-pai ni:
overpressure range {rom Shots Yellowwood, Tobacco. Walnut, Elder, Dogwood, Olive, and
Pine, respectively, and wzs nat damaged by any of the shots.

The concrete face of the structure facing surface zero was pitted from the etffects of Walnut
and Elder. The total thermal radiat.on on the face of the structure was approximately 275 cal/
cm’ [1om Walnut and 450 cal/cm? from Elder. Since this station was very close to the shore
line, the pitting of the [ront face must have been almost entirely the result of surface spalling of
the cocrete due to the thermal radiation, Steel surfaces exposed to this sanie radiation level
on the face of the structure showed no structural effects.

The force of the water waves [rom Shot Wainut eroded the soil adjacent to the foundation of
the structure ‘o depths of 5 and § tee. ‘bigure bovi. St Blder bad . additivaal cffoil,

The correlation of cesalts of shock-tube tests on diffractivu-lype lalgols with similar results
of fuli-scale tests arc complicated due to the effects of precursor and Aust loading in the fieid,
which »re not present in the shock tuhe. Because «{ the absence of precursor and dust effects
the opportunity was ufforded at Station 1312 to obtain data on the offect of a fast-rise-time pres-
sure pulse on a diffraction -type structure, which could be more edsiiy compared with similar
results of shock-tube tests. Therefore, with the assistance of personnel of the Ballistics Re-
search Laboratores, special efforts were made to obtain blast-diffraction data. For a detaiied
presentation of thv: diffraction study, see Appendix B.

The resull~ ' atr-overpressure measurements are shovn in Table 4.4. Due to malfunctions
of the accelerometer gages no acceleration data was obtained,
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Pigure 4.28 Post-Koa, {Item 23) generators. Pressure
level: Koa, 38 psi.

o7 -
2

Figure 4.2¢ Post-Koa, (Item 23) close-up of damaged
generator. Yrescure level: Koa, 38 pai,
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4.2.2 Item 28, Station 3,1,1, Greenhouse. A multistory, multicompartment structure was
constructed during Operation Greenhouse (1951). During Greenhouse the structure was damaged
due to a perk reflected alr-blast overpressure of about 30 pai irom Shot Easy {(Reference 9), The
air blast from Shot Item caused light damage. In general, the damage to the structure caused by
the Mike shot of Operation Ivy (1952, Reference 1) was of the same order of magnitude as that
caused by Shot Easy (Greenhouse). No additional damage was sustained by the structure during

TABLE 4.4 TREE-FIELD AIK-OVERPREBSURE MEASUREMENTS, SITE JAMET
8ss Figure 4.31 for location of §tations 174.28 apd 174.31.
Orousd s pogitive Maximum

Ground 1/t posttive  Masimum

Shat Sue R::- #/&t"’?  Duration Overpreusurs ;')" f/kt!?  Durstion  Overpressure
ft 0 poi ft e pai
Btation 174.28 (near Station 1513) Station 174.31 (oear Station 3.1.1)
Yallowwsod Janet B, 9058 .13 ] -_— 18.5 8,284 1,183 1.488 1.3
Tobacco 3,078 1,788 8.%28 38 8,504 2,814 0.901 1.4
‘Walnug 5,998 330 1.708 4.0 8,264 728 2.087 18.0
Eldar 3,998 407 —_— T1.0

Operation Castle {1954, Reference 10) or Operation Redwing (1956, Reference 11}, The over-
all perspective for this structure is shown tn Figure 4.34.

This station was located in an estimated 7.0-, 1.7-, 18,0-, 20-, 12-, 5.4-, und [3-psi air-
overpressure range for Shots Yellowwood, Tobacco, Walnut, Eider, Dogwood, Olive, and Pine,
respectively. The effects from Tobar~ ‘vev2 negligible and no further mention of that shot will

. . . ) a o
PFigure 4.30 Post-Koa, (tem 24) helicopter pad.
Pressure level: Koa, 38 psi.
be made. An overall, pre-Hardtack view of this atation is Bhown in Figure 4.35. A preshot
view of typical damage to a first tloor column (Col. 13C) in Bullding 5 is shown In Figure 4.36,
Bullding 5, a r-~i. “;rced-concrete structure with window openings, receivea more damage from
previous operaiions than any other of the bulldings. The other noticeable damage from previous
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Figure 4.32 Plan including locations for air-overpressure gages
and accelerometers for (Item 25) Station 1312, Site Janet.
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g C o ‘-l:!==;'l ..
Flgue 4 a3 Post-Walnut (Itam 25) Station 1312, erosion adjacent to
foundation. Pressure level: Walnul, 53 psi; Slder, 58 pel; 450 cal/em’,
operations wae found in the roof of Bullding 4, a reinforced~cuncrete shear-wall structure, see
PFigures 4.37 and 4.3€.
An overall view of post-Yellowwood (pressure level of 7.0 pusi) is shown in Figure 4.39. By
comparing Figures 4.35 and 4.39 it can be observed that the oil drums and supporting wood
fsames (outside center of building) were lightly damaged, indicating that the structure itself was

panty
ol"
as $eE .w" 4
:ﬁ‘"‘,.' 1o 10":'11!
e winpe®

Figure 4.34 Overa)l perspective for {"om 26) Station 3,1.1, Site Janet,

not damaged by the shct, A visual inspection and column-offset measurements (see Table 4.5)
also proved that the structure received no apprecianle damage from Yellowwood.

The structure responded appreciably to the effects of Shot Walnut (pressure level of 16 psi).
Figures 4.40 and 4.41 show the overall damage, which can be compared with Figure 4.39 for
pre-Walru! ~umnage. The corrugated siding on the met:l bulldings was damaged seversly. Wajor
damage w2.s obgserved in Building 5; damage to the front face and first-floor columns is shown 1n
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Figure 4.36 Preshol, (Item 26) Station 3.1.1, Column 13C,
concrete frame bullding, Site Janet.
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Figure 4.57 Preshot, (Item 26) Station 3.1.1, crack in ceiling ldjunnt
to Column Line 10 of the shear wall building looking away from surface
gero, Site Janet.

Pigure 4,38 Preshot, (Item 20) Siation 3.1.1, crack in ceiling
adjacent to north wall of the shear-wall building looking away
from surface gero, Site Janet,

Figure 4.39 Poat-Yellowwood, (tem 24) Station 3,1,1, Pressure
level: Yeilowwood, 7 psi.
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Figures 4.42 through 4.45. A pre- and post-Walnut view of Column 13C can be compared In Fig-
ures 4.38 and 4.45. The columns in the upper two floors of this bullding did not rereive compar-
able domage &s tnelr first-floor counterparts (Figure 4.46). Evidently the first-fleor columns
took w:ost of the moment and shearing forces while the second and third floors moved away from
surface as a unit (Figure 4.42). The tops of the {irst-floor columns (Columnsa 134, B, C and 144,
B, C) were diaplaced hurizontally approximately 10 inches away from surtace zero with respect
to their buses (Table 4.5).

[y - -
Figure ¢.40 Post-Walnut, (Item 28) Station 3.1.1. Pressure
tevel: Walnut, 18 psi.
The other three frame-type bulldings (2, 3, and 5) underwent very little additional lateral
movement (Table 4.5). It should be noted that the lateral movement as shown in Table 4.5 (s
the permanent displacement and not the peak transient deflection. Damage to columns in the third
floor of Bullding 3 ia sho /n in Figures 4,47 and 4.48, A typlcal column of Buliding 2 i8 shown in

bz " .

Figure 4.41 Post-Walnut, (Item 26) Station 3.1.1, aerial view.

Pressure level: Walnut, 16 psi.
Figure 4.49; this picture also shows the suspended plumb bob that was uged in measuring column
offgets. The roof in Building 6 lifted upward 3 to 4 inches, tapering to its normal position at a
point 7 or B feet from the iront wall {(Figure 4.50). The cracked roof section in Bullding 4 opened
cons-i: . ably, being displaced a maximum of 10 inches at the center of the section adizcent to
Coiumn Line 10 and the north end of the building (Figurea 4,51 and 4,52), ‘The bottom bars {Nc.
4) of the slab failed in tension as was noted by the neck-down aof the bars at the point of breakage.
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Figure 4,42 Post-Walnut, (Item 26) Station 3.1,1, close-up of
Building 5, a reinforced-concrete {rame structure. Pressure
level: Walnut, 18 psi.

igure 4.43 Post-Wainut, (ltem 26) Station 3.1.1, {ront column
of Building 5. Pressure level: Walnut, 16 pai.
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Figure 4.44¢ Post-Walnut, (Item 26;
Station 3.1.1, second row of tolumns
of Building §. Pressure level: Walnut,
18 psi.

i R . 1
Figure 4.45 Poat-Walnut, (Item 26)
Station 3.1.1, third row of columns of

Bullding §. Preagure level: Walnut,
16 pai.

97
SECRET



Figure 4.48 Post-Walnut, (item 218) Station 3.1.1,
Column 13C, second floor of Buflding 5. Pressure
ievel: Walnut, 4 pail.

Figu.¢ 4.47 Post-Walnut, (Item 26) Station 3.1.1, Column BA,
1 ‘: Lalour of Bullding 3. Pressure level: Walnut, 16 psi.

98

SECREY



Pigure 4.48 Post-Walnut, (Item 26) Statlon 3.1.1, Column 7B,
third floor of Bullding 3. Pressure level: Walaut, 16 psi.

Figure 4.49 Post-Walnut, (Item 26) Station 3.1.1, Column 5C,
first {loor of Building 2. FPresaure level; Wainut, 16 psi.
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Figure 4,50 Post-W 'nut  (Item 26) Station 3.1.1, roof slab
damage, Bullding 6. Pressure level: Walnut, 106 psi1.

Figure 4,51 Poat-Walnut, (Item 26)
Station 3.1.1, crack in ceiling adjacent
to Column Line 10 of the shear-wall
building looking away from surface zero.
Pressure level: Walnut, 16 psi.
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The top bars (No. 5) held the eracked roof section in place.

Shr i Elder {pressuvre level of 20 psi) caused additional damage as can be compared by viewing
Figures 4,53 and 4,54 with Figure 4.40. The Shear resistance of the flrat-fioor columns of Bulld-
ing 5, the concrete frame, drag structure, was overcome and the upper floors intact settled
down with the second floor girders resting on the collapsed first floor columns [Figure 4.53).
The column offset measurements for Buildings 2, 3, and 6 ace shown in Table 4.5. A front view
of Dulldiags 1, 2, and 3 is shown in Figure 4.56. Building 3, the reinforced-concrete (diff{raction)
structure underwent additional permanent lateral movement, but unlike its counterpart, Building
5 {drag-type structure), the columns on each floor displaced laterally approximately the same
amount and showed sigus of damage (Figures 4,57, 4.58, and 4.59). The rear wall of Building 3
cracked horizontally, evidently from bending (Figure 4.60). Buildings 2 and 6 deflected approxi-
mately ¥, inch away from surface zero. However, most of the roof section of Bullding 6 was
blown upward by the blast and thrown to the ground surfaca tn the rear of the structure (Figure
4.61). Channel shear keys welded to the roof girder are also visible in the picture as well as
the damage to the roof at the south end of Building 4. The major damage to Building 4 occurred
at the north end where the roof was punched inward and is supported by the cantilever effect of
the reinforclng steel (Figures 4.62, 4.63, and {.64).

The station was next investigated after Shots Dogwood, Olive, and Pine had been fired; the
resulting estimated overpressure levels were 12, 8.4, and 13 psl, respectively. An overall
postoperation view of the stracture is siwwn i Digure 4.65. Livle additional damage was oh-
served for Buildings 2, 3, or 6. As shown in Table 4.5, the postoperztion column displacements
for Building 6 were approximatelv the same as those for post-Elder; the postoperation displace-
ments for Buildings 2 and 3 were less thaa thoae for post-Elder, indicating that rebound for the
buildings occurred at a slow rate.

Building 4 showed evidence of additional damage. However, the shear walls appeared sound
and the damaged roof panels were in about the same condition as observed after Shot Elder. The
third-floor slab underwent considerable bending. The maximum sag in the slab between the north
shear wall and Column Line 10 was 6 inches, between Column Lines 10 and 11, 3 inches, and
between Column Line 11 and the south shear wall, 12 laches. A view of the underside of the third
floor along Column Line 11 ard the front wall {acing surface zero is shown in Figure 4,66, The
rotation experienced by the third floor slab caused it to crack at the Intersection of both shear
walls, A crack, having a 3-inch differential vertical displacenient, developed ut the intersection
of the third-floor slab and front wall betweer. Column Line i1 and the souli shear wail {Figure
4.67).

4.2.3 Item 27, Statlon 3.1.3, Greenhouse. A composite-typs, semi-buried shelter was con-
structed during Operation Greenhouse (1951). No plastic deformations or damage were observed
during that operation {Reference 9); however, earth blown by the blast from the Mike shot pariiaily
blocked the entrance. The structure conststed of four major parts: a cast-in-place, reinforced-
concrete shelter; three precast, reinforced-concrete pipe sectiona; a corrugated-pipe section;
and a cast-in-place, reinforced-concrete entrance (Reference 8). The structure suffered no
major structural damage during QOperation vy (1852, Reference 1); however, the blast doors were
removed piior to the test and the wosdivama air lock was destroyed by air blast (approximately
18 psi), and the printed surface of the vent pipe was charreq on the side facing g:ound 2o, No
additional damage was inflicted to the structure during Operations Castle (1854, Reference 10)
and Redwing (1856, Reference 11}.

Tiie maximum esiimated overpressure receive.: by this station was 28 psi from Shot Sider,
The atation received no additional damage from any of the shots; however, the water-wave effects
from Shot Walnut filled the entranceway with 8 inches of mud and left water standing to 2 height
indicated by thewater marks shown in Figure 4.68.

4.2.4 lier, 28, Stations 20A, B, C, D, E and F, Greenhouse. Reinforced-concrete gage piers

were concructed and undamaged, except for Station 204, during Operation Greenhouse (1951).
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Figure 4.52 Post-Walnut, (Item 26) Station 3.1.1, erack in
celling adjacent to north wall of shear-wall building looking
away from surface zZero. Pressure level: Walnut, 16 psi.

Figure 4.53 Post-Elder, (Item 26) Station 3.1.1, froat
lew. Pressure level: Elder, 20 psi,
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Figure 4.54 Post-Elder, (ltem 26) Station 3.1.1, rear
view. Pressurc level: Elder, 20 psi.

.,

Figure 4,55 Post-Elder, (Item 26) Station 3.1.1,
close-up of Bullding 5, first floor collapsed.
Pressure level: Elder, 20 psi.
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Figure 4.56 Pcsi .id- 0, (Item 26) Station 8.1.1,
close-up of Buildings 1, 2, and 3. Pressure
level; Elder 20 psi,

Figure 4.57 Post-Elder, (Item 28) Station 3.1.1,
Columns 7 and 8B, first floor of Building 3.
Pressure level: Elder, 20 psi.
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Figure 4.58 Post-Elder, (ltem 28) Station 3.1.1,
Columns 7 and 8B, second ficor of Building 3,
Pressure level: Elder, 20 psi.

Figure 4.58 Poat-Elder, (Item 28) Station 3.1.1,
Columns 7 and 8B, third floor of Building 3.
Pressure level: Elder, 20 psi.
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8D

Figure 4,60 Post-Elder, (Item 26) Station 3.1.1, Column 8D and
crack in rear wall, first floor of Building 3. Pressure Level:
Elder, 20 psi.

BLDG 4 "

Figure 4.61 Post-Elder, (Item 26) Station 3.1.1, destroyed roof section
of Building 8 and damaged area to roof at south end of Bullding 4. Pres-
sure level: Elder, 20 psi.

3T W
Figure 4.6°. Post-Elder, {Item 28) Station 3.1.1, outside view of punched-in
ranf 8517 i at north end of Building 4. Pressure level: Elder, 20 psi.
108
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Figure 4.83 Post Elder, (Item 26) Station 3.1.1,
inside view of punched-in roof gection, north end
of B.ilding 4. Pressure level: Elder, 20 psi.

Figure 4.64 Post-Elder, (Item 28) Station 3.1.1, close-up of punched-in
rouf section, north end of Building 4. Pressure level; Blder, 20 psi.
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Figure 4.65 Post-Dogwood Dlive, and -Plne, {Item 28) Station 3.1.1,
aerial view. Pressure levels: Dogwood, 12 psi; Olive, 8.4 psi; and Pinge,

13 psi.

vigure 4.66 Post-Dogwood, -Olive, and -Pine, (Item 26)
Station 3.1.1, underside of third flovr along Column Line 11,
and the front wall facing surface zerc. Pressure leveis:
Dogwood, 12 psi; Olive, 8.4 psi; and Pine, 13 psi.
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il
Figure 4.67 Posat-Dogwood, -Ollve, and ~Pine, (Item 26}
Station 3,1.1, crack in third floor at intergection of {ront
wall between Column Line 11 and south shear wall. Pres-
sure levels: Dogwood, 12 pal; Olive, 8.4 pai; and Pihe,

13 psi.

Figure 4.68 Post-Walnut, (Itam 27)
siatipn 3.1.3, entrance filied with
mud. Pressure level: Walnut, 21 psi.
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Station 20A was desireyed either during Operation Greenhouse or Operation lvy,

Tre structural detzils and clevation views of this item are shown in Figure 4.69,

Stations 20D, C, D, and E were destroyed by the air-blast effects fron, Shot Walnut. ¢ alion
20F was not damaged by any of the shots. Sec Appendix € for a detalled analysis of the response
of these piers i blast pressure.

Table C.1 lista the pressures sustained by the various piers ind the subscquent damage, A
typteal preshot view of & pler (Statior. 20B) is shown in Figure 4.70 and a post-Walmit {pressurc
level, 25 psi) view of the same pier depleting typical damage, separation of the stem from the
basge, i8 shown in Figure 4.71.

4.2.5 Item 28, Station 77.02. A reinforced-concrete recording station wus construcied during
Operstlon Hardiack (1958},
This station was not damaged {rom any of the shots and received a maximum, estimatid pres-
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Figure 4.62 Structural dctails and elevation views of {Item 28)
Stations 20A, B, C, D, E, and F, Site Janet.

sure of 17 psl from Shot Elder. The antenna and ventilating devices on top of this station (Figure
4.72) were removed prior to Shot Elder.

4.4,3 Item 30, Landing Pler. An earth-filled piter witn reinforced-concrete side walls and
concrete cubicles {5 by 5 by 5 feet with 6-inch walls and filled with sand) for additional stability
recelved no damage from the first two shots, Yeilowwood znd Tobacco,

However, Shots Walnut and Elder caused considerable Aamage (compare Figures 4.73, 4.74,
and 4.75). Two of the canerete cubiclea were thrown 45 and 75 feet, respectively, the steel
tramewcrk at the end ol the pter was but over, and thie steel grill-type {looring was Llown a~uy
from the effects of Walnut {Figure 4.74). The welded horizontal beams were fractured at the welds
on ihe side adjacent to the columns; the columns tilted on a 3-to-1 (vert;-al to horizontul) slope
awey frevw sarface 2oro, During Ehot Elder the horicontai structural meatais of the steel
framework were blown on shoe and oi.y the tilted legs remalned in place {Flgure 4,75), The
two concrete cubes that were isplaced {rom Walnut were moved only slightly; no additional
cubes were displaced. No additional damage was observed from the other shots.

4.2.7 Camp. Tns camp was almost entirely dismantled prior to any of the shots; howeves,
the wood frame  : r sume buildings and tents were left in place.
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Figure 4.70 Preshot {Item 28) Station 20B. view of gage
pier facing surface zero, Site Janet.

Figure 4¢.71 Post-Walnut, (Item 28) Station 20B, view of
toppled gage pier. Pressure level: Walnut, 285 psi.
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Figure 4.72 Postshot, (Item 29) Station 77.02, recording
station. Pressure level: Elder, 17 psi.

Tigure 4.73 Preshot, {item 30) landing pier, Site Janet.
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Figure 4.74 Post-Walnut, {Item 30} landing pier. Pressure level: Walnut, 23 pal.

Myure 4.75 Post-Elder, (Item 30) lauding pier. Pressure levei: Elder, 30 psi.
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Tha wood frames were desiroyed by e effects from Shot Koa {pressure level of 5.2 psi).
Shot Yellowwood {pressure level of 6.2 psi; scatllered oil druma that had been previously scattered
{Figure 4,76).

4.3 BITE YVONNE

The effecta of Shats Cactus (17 kt), Butternut {Bu kt), Holly (5.8 kt), Magnolia (57 kt}, Rose
{14.5 kt), Linden {11.1 ki), Sequola (5.3 kt), Pisonia (% kt} ~-4 Fig (21.5 tons) were observed
at Site Yvoune. The shot geometry, with pressure contours and test stations, is shown in Figure
471,

4.3.1 Item 31, Station 1130. A reinforced-concrete bunker was constructed during Operation
Hardtack {1958). This structure was designed to resist a 470-psi air overpressure and a 3,270-

Figure 4.76 Postshot, Janet Camp. Pressure levels:
Yellowwood, 6.2 psi; Tobacco, 1.5 psi.

psi reflected air overpressure, The plan and elevation for this structure are shown in Figure
4.78.

The structure was located in the 450-pai air-overpressure range for Shot Cactus and damaged
only from that shot, The damage was confined to the side tunnel, A preshot view of the entrance
{side away from ground zero) is shown in Figure 4.79 and a post-Cactus view i8 shown in Figurs
4.80. Thermal iadiuijon estimated to he 28 ect/em? from Shot Butternut, which was fired after
Shat Cactus, purned the btlack paint otf the wall surface as can be seen by comparing wigures
4,79 and 4,80, A prechot view of the entrance to the side tunnel is shown in Figure 4.81. A post-
Cactus view, Figure 4.82, shows the damaged entranceway. Apparent'y tiue blast wave that
sntered the tunnel-like entrance (gide-on tu the shouk . ont) was reflectcd =t o tunnel’s end.
The resulting increase in pressure caused the tunnel walis and roof to separate and crack as
though an explosion had occurred inside the tunnel. An interior crack near the junction with
main structure showing the “bulging” failure can be seen in Figure 4.83. The tunnel was not
fastened with dow«ls to the main station but merely keyed.

Thermal radi.iion at this close range was estimated to be 650 cal/cm?. Very little of the
tunnel was di: cctly exposed to this radiation as ean be seen in Figure 4.81; however, the areac
that were exposed showed remarkably little effect due to this exposure, Figure 4,82.
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Figure 4.80 Postshot, {Item 31) Station 1130, entrance.
Pressure level: Cactus, 450 psi; Butternut, 20 cal/cm?,
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Figure 4.81 Preshot, {Item 31) Station 1130, sidv-lunnel -
entrance, Site Yvn-.

rigure 4.82 Post-Cactus, {Item 31) Station 1130, side-tunne!l
entrance. Pressure level: Cactus, 450 psi; 650 cal/cm?.
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#.3.2 Item 32, Station 1220.01. A steel cubicle mounted on a structural-steel platform was
erected during Operation Hardtack. This station was located in the 450-psi alr-overpressure
range for Shot Cactus and was destroyed; only the legs of the structure survived. Preshot and
postshot views are shown in Figures 4.84 and -..86, respectively.

4.3.3 Utem 33, Station 1216. A reinforced-concrete terminal for a pipeline was coastructed
during Operation Hardtack (1958),

This station was located in the 450-psi air-overpressure range for Shot Cactus and apparently
undamaged. A preshot picture is shown in Figure 4.85 and & post-Cactus view in Figure 4.86,

4.3.4 Item 34, Station 1612, A reinforced-concrete recording station with a timber entrince
tunnel and reinforced-concrete retaining wail was constructed during Operation Rardtack (1958).
The plans for the station with details for the retaining wall only are shown in Figuse 4.87.

This station was located in the 1,800-psi air-overpressure range for Shot Cactus. As i re-
sult of the surcharge from this overpressure the timber entrance tunnel was filled in with sand
and the adjoining retaining wall cracked and tilted outward 2 to 3 feet. A preshot view of the
retaining wall is shown in Figure 4.88 and a post-Cactus view showing both the retaining wall
and the emrance to the station is shown in Figure 4.89.

The damaged, saud-filled timbter tunnel «xé rumoved by the use of a bulldozer and the interior
of the detector station was {nvestigated for structural damage. It was observed that the rear
wall (wall away from ground zeroc) was damaged at the junctures with both the celling and floor
(Figure 4.90). Apparently alr blast entered the collimator pines and tended to blow out the rear
wall., The rear wall was 1 foot thick, the floor and ceiling both were 2 feet thick, and the atesl

reinforcement for all three elements consisted of No. 7 bars at 12 inches on center, both ways,
and in each face.

4.3.5 Item 35, Stations 1523.01 io 1523.04. Four steel-pipe towers encased by a plywood
covering were constructed for Operation Hardtack (1958). A corrugated-metal pipe (48 inches
in diameter) mounded with sand led from each station to ground zero. A preghot picture of this
station is shown as Figure 4.91.

The stations were located in the 450-psi air-overpressure zone for Shot Cactus and were de-
stroyed by that shot. All that remained was the foundations {or the tomers and remnants of the
corrugated pipe.

The alr-blast wave smaghed the far wall of each tower foundation, s shown in Figure 4.92.
A typical failure pattern for the 48-inch, round, corrugated-metal pipe leading to ground zero
is shown in Figure 4,93.

4.3.6 Item 36, Station 1310, A massive, reinforced-concrete structure was constructed and
undamaged during Operation Redwing (18956). A new reinforced-concrete room was added on the
roof and the entire structure mounded over with earth for Operation Hardtack (1958).

This station received a maximum, estimated overpressure of 16 psi from Shet Magnolia and
expericaced uo struciurz! damage from any of the shots. A preshot view of this station is shown
in Figure 4.94 and post-Roge view showiag luss of earth cover is shown in =gure 4.95,

4.3.7 Item 37, Water Tank. A 21,000-galion tank constru .ed of % -fuch ateel piates with
Vo~inch round DOILS spaced ot 2 inches on cinttr, and having & adins Af 10 feet 10 inches and a
height of 8 feet, was damaged during Hardtack (1958).

The tank was located in thel,b-, 8,5-, 2.4~, 7.0-, 2,5-, 3,4~, 2.3-, and 3.4-pei air-overpressure
zones for Shots Cactus, Butternut, Holly, Mignolia, Rose, Linden, Sequoia, and Pisonia. The
tank was not affected by Shot Cactus but was damaged by Shot Butternut as shown in Figure 4.986.
The tanl was half full of water at that time. Shot Holly had no additional effects. The tank was
damaged additionally by Shot Magnolia as seen by the local buckling failure around the top perim-
eter and the dishing of the roof as shown in Figure 4.87. No additional damage from the remal.-
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Figure 4.83 Post-Cactus, (Item 31} Station 1130, crack at intersection
of tunne. and main structure. Pressure level: Cactus, 450 psi.

P I PUR .

Figure 4.84 Freshot, (Item 32} Station 1220.01,
cubicle, Site Yvonne,
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Figure 4.85 Preshot, (Item 33) Station 1316, Sile Yvoune.

Fuomre 4,86 Poet-Cactus, (Items 32 and 33) owtlons 1220.01
and 1216. Pressure level: Cac 18, 450 psi.
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Figure 4.88 Post-Cactus, (Item 34) Statlon 1812, retaining wall and
«atrance te atation. Pressure level: Cactus, 15800 psi.
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CoLLinATOR
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Figure 4.90 Post-Cactus, {Item 34) Station 1612, interior view,
Preasure level: Cactus, 1,800 psi.

ITEM 35
:.4J n

Fig: . 4.91 Preshot, (ltem 35) Stations 1523.01 to 1523.04, Site Yvonne
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Figure 4.92 Poat-Cactus, (Item 35) Stations 1523.01 to 1523.04,
foundation pit for (owers. Pressure level: Cactus, 450 psi.

b et 3

Figure 4.93 Post-Cactus, (Item 35) Stations 1523.01 to 152'3.04, 48-inch
aetal corrugated pipe leading to ground zerv. Pressure level: Cactus,
450 psi.
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§7 =———— (Except Coctus)

Figure 4.94 Preshot, (Item 36) Statton 1310, concrete, earth-covered
station, Site Yvonne.

§2 ~—— {Except Coctus)

Figure 4.35 Post-Rose, {ltem 38) Station 1310, concrete, earth-covered
statir . Pressure levels: Cactua, 4.5 psi; Rutteraut, 13 psl; Holiy, 7.8
psi; Magnolia, 16 psi; and Rose, 4.2 psi.
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Figure 4.96 Post-Butternut, (Item 37) 21,000-gallon water tank.
Pressure level: Butternut, 6.5 psi.

. T ™ N .
Figure 4.07 Post-Magnolia, {Item 37) 21,000-gallon water tank and
Yvonne Camp area. Pressure level: Magnolia, 7.0 psi.
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ing shots was observed. Even though the tank was badly dented near the upper rim none of the
bolts or bolt holes showed signs of inciplent fatlure, and it appeared that the tank with some
minor repairs could easily be placed in use again. The above-ground connections of 4-inch and
2-inch water piL:s and the exposed 4-inch, rising-stem, gate valves (125-psi rated) were un-
damaged.

4.3.8 Yvonac Camp. The camp located at the south end of Site Yvonne {Figure 4.77) was
damaged severely. Damage resulting [rom the various shots to several types Gf construction
and miscellaneous items is described as follows:

Timber Butildings and Tents. Light temporary timber buildings were severely
damaged {rom the 1.5~ to 2.0-psi air overpressure from Shot Cactus. The firat two rows of

Figure 4.98 Post-Cuctus, camp damage, tents. Pressure
level: Cactus, 2.0 psi.

tents (closest to ground zero) were not only collapsed but moved away from ground zero a dis-
tance of 8 to § feet (Figure 4.98), The remaining tents did not experience this movement but
were partially collapsed. The light-plywnod-covercd buildings were severely damaged, the
smaller buildings being damaged the ieart. ‘Lae trames of many strucaives were collapswd w
varying degrees and the plywood siding of many was blown off (Figure 4.89). The iatrine whici
‘was the clusest camp hullding to ground zearo was not only damaged but rrovad 6 inches away
ivem gronnd zers.  The blast that entered this building apparently exerted a greater pressure
than the external pressure, as indicated by the ouiward oulging of the roof and side walls as
shown in Figure 4.100. None of the buildings or tents were charred from the thermal pulse
from Shot Cactus. The estimated pressure level of 5.8 to 8.2 pai from Shet Butteraut completely
destroyed all the tents and timber buildings.

Telephone Poles. Wood telephone poles located in an estimated 2.5-psi pressure range
for 8hot Cactuc v va undamaged. The same poles located in the 12-psi air-overpressure for
Shot Butternu: were bent and one was broken at the base as shown in Figure 4.101; the bent pole
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Figure 4,99 Post-Cactus, camp damage, light timber construction.
Pressure level: Cactus, 1.5 psi.

Figure 4.100 Post-Cactus, camp damage, latrine. Pressure
level: Cactus, 2.0 psl.
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STEEL. PIPE

Figure 4.101 Post-Butternut, telephone poles. Pressure
level: Butternut, 12 psi.

Tiire 4.102 Post-Butternut, radar reflector. Pressure
‘evel: Butternut, 5.8 psi.
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Figure 4,103 Post-Butternut, hetium bottles. Pressure
level; Butternut, 5.8 psi.

-

IR &

Figure 4.104 Post-Magnolia, helium bottles. Pressure
level: Magnotia, 6 psi,
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in the right foreground is & 3-inch, round, steel pipe. The same poles were located in an esti-
mated 16-psi range for Shot Magnolia and were napped off at the base.

Radar Reflector. A multiunit, radar reflecior, undamaged from the effects of Shot Cactus,
was ripped from its concrete foundation and thrown 50 feet from the effects of Shot Butternut. A
view of thisg s*ation, which was located in the estimated 5.8-psi range from Shot Buttarnut, is
shown In Figure 4.102.

Hellum Bottles. Helium boitles stored in the camp area were undamaged but saifted

o "

Figure 4.105 Postshot, fire hydrant. Pressure levels: Cactus,
2.0 psi; Butternut, 8.2 psi; Holly, 3.1 psi; Magnolia, 9.0 psi;
Rose, 3.1 pai; Linden, 4.7 pai; Sequoia, 3.0 psi; and Pisonla,
2.8 psel.

slightly from some of the shots. This movement can be compared by viewing Figure 4.103 (post-
Butternut, 5.8 psi) and Figure 4.104 \post-Magnolia, 8 pai). The remaining shots had no addi-
tional witects.

Fire Hydrant. A typical view of a fire hydrant located in the 2.6-, 8.2-, 3.1~, 8-, 3.1,
4.7-, 3.0-, and 2.8-psi sir-overpressure range for Shots Cactus, Butternut, Holly, Magnolia,
Rose, Linden, Sequoia, and Plaonla, respectively, is shown in Figure 4,105. The hydrant was
not damaged by anv of the shuis.
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Chapler 5
DISCUSSION

The discussion of results is divided lnto three general catcgories: prediction curves, radiation
and water waves, and damage-distance relationships.

5.1 PREDICTION CURVES

5.1.1 Air Overpressure. Observed pressure-distance data, reduced to a 1-kt surface burst,
have been plotted in Figure 5.1, where the solid curve is identical to the 1-kt plot shown in Fig-
ure 2,3, which was used for predicting the ground-surface air overpressure for each of the vari-
ous stations that were Investigiied and summarized in this report. The points in the high-pressurc
zone, as plotted ln Flgure 5.1, represent data (References 12 and 13) from Shots Cactus (17 kt}
and Koa (1,38 Mt), thus covering & low -vield wad » high~yleid shot.

In the very-low-pressure range, the plotted points represent data {Reference 12) from Shots
Cactus, Koa, Butternut (80 kt), Magnolia {57 kt}, and Yellowwood {340 kt). The data, as plotted,
have not been corrected for wind, temperature, or any of the other meteorclogieal conditions
that can have marked effects on the properties of a blast wave in the runges of very-low air over-
pressures.

The plotted points agree closely with the prediction curve, thus establishing a satisfactory
level of confidentce for the predicted air-overpressure values for the other shots investigated
during the operation.

5.1.2 Floor-Slab Accele_ntﬁz_l_m_._ Limited acceleration data are available, and only a few points
(References 12 and 13) were plotted on the acceleration-prediction curve (Figure 2.5}, as shown
in Figure 5.2, The points represent data from Shots Koa and Cactus. The data are not sufficient
to detarmine the overall reliability of results obtained {rom uging the cuive; howsver i annears
that a reasonable value can be determined.

5.2 RADIATION AND WATER WAVES

5.2.1 Nuclear Radlation. Methods for predicting radiation within structures were not avail-
able at the time of this operation except for the slant-thickness method which, as shown by this
report, is not reliable. The path-of-least-resistance method for predicting radiation withi
structures was therefore developed and ia described In Appendix A. The measured and predicted
values using this method were in reasonably close agreement. See Section A.6 for a detailed
discusaion,

5.2.2 Thermal Rudlation Damage. Primary thermai radiation has seldom been a guverning
factrr in damage to structures. However, it is quite important to know thermal levels when
designing protective structures for very-high-verpressure regions,

The predominant effect of thermal irradiation :s the heatiag of exposed surfaces oi structures.
The effect of moderate irradiaticn on steel is simply to heat the surface; however, thin sections
can lose strength. The effect of moderate irradiation on concrete results only in surface spalling.

Observation of structures during this operation showed no case where thermal radiation was
a governing iactor in structural damage. Observationa included steel exposed to 1,400 cal/cm?
{Item 10} a»! concrete exposed to 650 cal/cm? (item 31,
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U.2.3 Water Waves. Blast-generated water waves were instrumental in removing consider-
able guantities of loose material from earth mounds and earth berma. Observations of wave
damage in this and past operations ladicate that close-in structures surviving the effect of atr
blast will undoubtedly survive the force of water waves. See Section D.5, Appendix I3, for e
detailed discugsion.

5.3 DAMAGE-DISTANCE RELATIONSHIPS

Damage to certain common facilities and installations, such as ca.ap sites, generators, aad
storage tanks, has been observed and reported during several previoua operations, For these
items, the past damage data, as well as that obtained during Operation Hardtack, have been
studied for the purpose of determining damage-~distance relationships, Where posaible, the
damage has been compared with the curves of TM 23-200 (Reference 8).

Damage classification, numely, severe, moderate, and light (Reference 8), has been used
throughout this report in describing the degree of damage to the various stations. In the follow-
ing sections & detalled description of damage classifications pertaining to specific ttems is given.

5.3.1 Camp and Wood-Frame Structures. The light wood-{rame buildings for camp sites
were constructed to provide tempurczy faeilitics fur riegsing, storage, maintenance, and admin-
Istration. Typical construction for these buildings comsisted of 2-by-4-inch studs 2 feet on cen-
ter, trussed rafters 2 feet on center, %-inch exterior plywood siding, and corrugated aluminum
roofing.

The damage-distance relationshlp shown in Figure 5.3 represents the results of observations
of demage made during Operations Ivy, Castie, Redwing, (Section 1.2.1 and References 1 and 2j,
and Hardtack. The following descriptions define the damage levels for the curves ashown:

Severe Damage. Frame shattared so that the structure s for the most part collapsed.

Moderate Damage., Wall framing cracked. Roof badly damaged. Interior partiiions
blown down.

Light Damage. Windows and docrs blown in. Interior partitivns cracked.

Distances shown for severe damage are thoge for which the probability of the damage occur-
ring is 50 percent, the 2.0-psi level. The spread of the data in the severe-damage range supports
the methods of obtaining 10-percent and 9¢-percent probability given ir Reference 8. For 80-
percent probability, use is made of the distance for a weapon of half the dealred , v, iv: -
percent probability, use is made of the distance for a weapon of twice the desired yield.

The modarate-damage level {1.0 psi) was determined by using the distance for a weapon of
four times the desired yield, as in Reference 8. The light-damage curve (0.75 psi) is intended
to represent the upper limit of nuisance damage and the threshold of light datnage. The sevare-
damage curve (50-percent probabtlity) for wood-irame bulldings, one- or two-story house type,
as given in Reference 8, ig also shown in Figure §.3,

Damage to geveral iypes of heavy-wood-framed structures has been observed, but insuificient
data make it imnpossible to determine damage-diztance relationships for such variable structures.
Kowever, it aws beon deaonstratia thot small, essenttally windowless, wood-frame structures
cuft be designed to withstand overpressures up to 4.5 psi {Reference 1), if 2 moderate degree of
damage is acceptable.

5.3.2 Storage Tanks. Damege curves{Reieconce 8) show tha! lorg: of! storage tanks {30 feat
in height, 50 feet in diameter) are primarily diffraction structures and, therefore, overpressure
sensitive, Damage levels for large oll tanks are described as follows:

Severe Damage. Large distortion of sides, searnis aplit, so that most of the contents are
lost (approximately 11-psi level),

Mod« rate Damage. Roof collapsed, sides above liquid buckled, some distcriion below
iiguic ievel (approximately 5-psi level).

Light Damage., Roof badly damaged (approximately 1-psi level),
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A 21,000-gallon water tank (Item 37) direcily exposed to 8.5 and 7.0 psi of air overpressures
received light damage. The roof was dished in, and there waa a small amount of buckling of the
sidea above the level of liquid in the tank. In addition, it was noted that there was no damige to
the exterior connecting piping.

Slmilar tanks expcsed durlng previous operations {Section 1.2.1) confirm the observation that
these 'maller tanks are considerably less vulnerable to damage at a given preseure lavel then
large oil-storage tanks. There ig tnsuflicient data to plot @ damage-distance relationship for
tanks of the type inveatigated in this report. However, examination of the data tndicates that
light damage i8 to be expected between air overpressures of 3 and 10 psi.
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Figure 5.4 Da.a for Structure 3.1.1 plotted on curves entitled
“Severe Damage to Various Structures Primarily Overpressure-
Sensitive by Surface Burst of Varlous Yields” from Reference 8.

5.3.3 Station 3.1.1 (Item 268, Three-story Blast-Resistant Buildings). The response of this
structure allowed & Limited comparison of gbserved with predicled damage. However, predicted
damage is based on the effects. from sligle shots while the structures in questinn were subjected
to many shots. The severe-damage curve labeled “ Blast Resistant, Beinforced-Concrete Build-
izgs” shown on Page 7-45 of Reference 8 was used for compari'.g predicted with observed re-
sponse. This romparison can be geen in Figure 5.4, Here the ¢cheerv-d reeponses for the various
shots are plotied on the prediction curve. The curve labeled *Blast Realstant Reinforced Con-
crete Bldgs” has an indlcated 34 psi at its lower end. The upper end, although not labeled, de-
creases to 32 psi for the greater ylelds and ranges,

The curve predicted something leas than severe damage for Shots Walnut and Elder alone.
Severe dar.age is defined as the collapse of the first floor columns of the hullding. Shot Walaut
cauged - - 2olumns of the first flocr of Building No, § {the concrete structure with windows: io
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displace laterally about one foot, thereby greatly weuakenlng the atructure. It can be assumed
that & sligh* additional load would have caused collapse of the columns. Shot Elder, which had
about the same input pressure as Walnut, provided the force necessary to cause collapse of the
first {loor columns.

Since none of the blast-resistant steel buildings, the concrete bullding vithuut windows, and
the shear-wall bullding underwent severe damage, the damage curve as usad also appears rca-
sonable for predicting the response of these structural types.

Although the roof of the ahear-wall butlding collapsed, the frame and wal.s were only slightly
distreased and the building was not considered to be aseverely damaged, The roof {ailure shows
the need for careful consideration of roof designs. For example, it was observed that the line
of failure for roofs occcurred at locations -vhere main stress steal had been terminated; had these
bars been contiuued, these fallures may not have occurred.

5.3.4 Station 1312 (Item 25, One-story, Relnforced-Concrete Building). This structure pro-
vided the opportunity to record blast-diffraction measurements {rom four different shots. It
was observed that the predicled and recorded pressures on the front and rear faces of the astation
were in close agreement. The observed and the predicted pressure curves along the roof were
in rather poor agreement, especially after the arrival of the vortex, See Section B.2, Appendix
B, for a detailed discussion.

5.3.5 Gage Piers (Item 28). Since several of the piers failed irorm air-tlast effects and one
did not, an opportunity was afforded to compare predicted response with observed regponse for
diffraction targets oriented at various angles of incidence with surface zerc. Even though the
analysis was made assuming both the strength properties of the materials and the air-overpressure
values for the statlons investigated, the predicted and the observed response were in cloae agree-
ment. See Section C.4, Appendix C, for a detailed discussion.

§.3.8 Miscellaneocus Damage. The n.any support-type structures located at the various sites
were exposed to a wide range of overpreasure. The heavily reinforced-concrete structures
located st the end of Site Ture were subjected to pressures over 1,000 psi from low-yleid kt
devices without being damaged. An unmounded, reinforced structure (Item 2) located on Site
Able was subjected to an estimated 1,200 psl from a 9.3-Mt device and was completely destroyed.

Generators (Iitem 23), located behind the slatlor cowmptex {earth-mounded sta..on) and cxposed
to an overpregsure of 35 psi, sulffered severe damage, However, of particular interest was the
striking evidence of the protection afforded objects sheltered from the air blast by an obatruction.
The fully aheltered generator moved only 2 feet, whereas the least sheltered generator was
thrown 60 {feet.
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Chopler 6
CONCLUSIONS and RECOMMENDATIONS

6,1 CONCLUSIONS

The objective of recording damage from air blast, radiation, and blast-generated water waves
was attained. Detailed conclusions are presented in Appendixes A, B, C, and D. The generzl
concluslons are that:

1. The peak air-overpressure curve (Figure 5.1) s reliable for scaled alr overpressures
from 0.1 to 350 psi.

2. The peak-ground-acceleration curve (Figure 5.2) gave reasonable predictions of floor-
slab accelerations. However, (L. overall reliabilily of the curve is uncertain, inasmuch as
limited data were obtained,

3. Radialion levels inside shelters Hscusasd (o thia report were adeqQuately predicted by
using a path-of-least-resistance method (see Appendix A},

4. Radiation levels inside shelters were not realistically predicted using the least-slant-
distance concept.

5, Thermal radiation was not a governing factor in structural daimnage for exposures up to
1,400 cal/cm® for steel.

6. Total thermul radiation of up to 850 cal/cm® caused only minor suriace spalling of direct'y
exposed concrete.

7. Structural effects due to water waves may be neglected for close-in structures designed
to withstand air blast.

8. At greater distances, where air blast is of no great consequence, ‘vater waves muct be
consgidered in structural design and planning.

9. Light wood-frame structures (camp buildings) su{fered severe damage from air over=-
pressures ranging trom 1.4 to 3.0 psi.

10. Bclted-~steel, ground-surface storage tanks (27,000 to 30,000 gallons 1n capacuyys, tun
of liquid, suffered only light damage fromn overpressures tess than 10 psi.

11. The damage-prediction curve entitied “Blast Resistant, Relnforced-Coacrete Buildingsa,”
Reference 8, appears adequate fcr predicting damage to threz-story, blast-res’:itant structures
of the Station 3.1.1 type, . e, reinforced-concrete building, with and without windows; structural
steel, with and without windows; and a reinforced-concrete, shear-wall building.

12. Reinforcing steel in roofs of blast-resistant structures should be designed {¢ provide
more upiformity of strength. At least one half (but preferably all), the area of positive rel.iforce-
ment required within a continuous or restrained se~tion of roof should extend beyond the face of
the suppe«t frr a digtance of 51 har dtameters. At least one half the reinforcement provided for
negative moment at the support srould be exteaded beyond the polat of inflection a distanes suils-
cient {o develop the allowable stress i such bars or a distance equal to the depth of the member,
whichever distance is greater. By this procedure, abrupt chang -3 in the strength of a member
wottd be mininized. Local {ailures, thus, would ot cause the follire of 2 whole roof zactlon
before other portions {of that section) were overstressed.

13, Heavily reinforced concrete structures {(earth-mounded and having 5- to 6-foot-thick
walls and roof with clear spans up to 5 feet} survived air overpressures of 1,000 psi without
damage.

14. Obi.cts located close behind earth mounds within a distance approximately equal to the
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helght of the mound received considerable protection from dynamic pressures at overpressures
of 3% pal an” lower,

15. Exposed standard 2-inch and 4-inch water pipes, including standard rising-stem valves,
survived pressures up to 8 psl without sign of damage.

16. For structures oriented so that a line drawn through ground zero is normal to the front
face of the structure (zero angle of incidence), it was found that the method used in predicting
luading on the front and back walls of diffraction-type structures provided results sufficlently
realistic for design ur unalysls purposes.

17. The predicted shape of the overpressure curve for the roof of diffraction-type targets
was not in close agreement with measurea results.

18. The method used for predicting pressures on the {ront and rear faces of diffraction
targets at various anglee of incidence with ground zero is satisfactory for design but not for
analysias purposes.

6.2 RECOMMENDATIONS

1. It is recommended that the path-of-lcast-resistance method (Appendix A} be adopted for
uge in predicting radiation within atrouctures.

2. The present method available for predicting pressures on the front and rear faces cf dif-
fractior targets ariented at 2 zero angle of incidence ie ndcgucte and is recommended for design
and analysis purposes. The present method of predicting roof pressure shonid be used until a
better method is determined.

3. Additional high explosive and,/'c. suvik-tube experiments should be performed to; (1) de-
termine a more realistic overpressure distribution along soofs of diffraction-type targets; and
(2) determine the preasure distribution on the front and back faces of thege targets when oriented
at various angles of incidence with ground zero.

4. Continuous beams, slabs, or walls of blast-resistant structures should be designed for
greater uniformity of strength throughout their span. Any abrupt changes in the strength of a
member invite local failure which can cause the whole member to fail before other portions of
the member are seriously distressed.
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Appendix A
NUCLEAR RADIATION

By Edwin S. Townsley, Captain, Corps of Engineers, U.S. Army Engineer
Waterways Experiment Station, Vicksburg, Missiaaippt

A.l INTRODUCT'ON

Film-badge dosimeters were installed in four
atruciures to obtain additional information on shield-
ing againet nuclear radiation. The effectiveness of
ahielding is determined primarily by the following
factors taken from Reference 8: {1) distribution of
the energy of radiation, (2) Inwnsity of the incident
radiation, (3) ungle of incidenc. o7 ithe radlation, (1)
mass of the shielding material, and {5} geometry of
the shielding.

The first three of these are functicue wi v radia=
tion itself while the last two are functions of the pro-
tective shelter. Therefore, to better understand the
problem of shielding, a brief review of what is known
about radiation and how the structure affects radiation
will be given.

A.2 THEORY OF RADIATION

Since the purpose of this discussion s to puint out
the uncertainties invelved in making computatiors ol
shlelding against radiatlon, the digcussion will center
primarily on Initial gamma radiation. The uncertatn-
ties arising ln constdering nevtron and residual radi-
atian are no less formidable. The following definition
of flux as partaing to nucleur radiation is taken from
Raference 14:

“The flux of any type of radiation is <he total num-
ber ot particles per unit area and per unit time arriving
at a pariicular puint from all directions and at all
energies. The unscattered flux ia that portion of the
total flux which arrives directily at the point in ques~
tion frotn the scurce, without having suffered any
previous collisions. | he unscattercd Jux {5 aivew
directional if the source of radiation is a potnt.”

Pt ig nussible to write an equation for the unscattered
flux at a target in terms of the intensity of the (point)
saurou, dictanve pewween source and tareet and the
mean free path in the uniform homogeneous medium
in which both the target and source are assumed to be
located. This squation becomes less accurale a8
approximations are added to account for the contribu-
tion of scattered flux, size and distribution of energy
in the source, ane the lack of uniformity and homoge-
neity tn the medum {including both the hydrodyuauiv

effect and the air-earth interface). Theefore, it is
obvious that ticre are considerable uncertainties not
only a8 to the intenxity of radiation, but also as to the
distribution of the energy and the angle of incideace of
the radiatt~n at the exterior surface of the siructure.

A.3 STRUCTURAL SHIELDING

A8 vA8 noted in Section A.1, buth the mass and
geometry of the siructure must be considered. In
determining the attenuation of rediation with thickness
for various materials, the normal procedure fs to
direct a known rudiation pzrpendicularly against a
specimen of the material in quesaticn and measure the
amuint of radiation on the other side of the specimen.
Therefore the geometry of the material is assumed
to be ar Infinite plane of given thickness, and the radi-
ation is monodirectional, assumed to be monoenergstic,
and normal to the surface of the spacimen.

Thus tho normal procedurs for computing the at-
tenue ion to be obtained In a 3tructure is to assume
that 4 monoenergetic and monodirectivnal radiation
strikes the surface of the structure at an angle deter-
mined by the line of sight bstween the snurce and the
structure. The slant thickness of the siructural ma-
terial measured along thie line of sight is used in
determining attenuation, Work by the National Bureau
of Standards (Reference 15) indicates that the shield-
irg computed in this way may be much greater than
actually exists for concrete walls of more thun five
huches thickness and angles of incidence greater than
thirty~five degrees. Therefore, the problem of pre-
dicting shlelding tnvolvee the dual problems of deter-
miuing what radiation exists at the outstde of the
structure and of computing how much of that radiation
passes through the walls of the structura *n its interior,
or, o quote Reference 14;

“No generalizes tr2atment 5f the military gamma
shielding problem, either theoretically or experimen-
tally Lused, can be presented at this iimc. The geo-
metrical configuration of a structure bears important-
ly on its shielding effectiveness; the geomaetry of the
meost practical structures and of the topography in
which they are located cannot be simply described in
a mathematical sense. It 18 exiremely difficult there-
fore to compute the shielding effectiveneast ! 3 given
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structure with any reasonable accuracy. The computa-
tional problem is compounded by the general lack of
information of tr. distributlon of radiation at the re-
ceiver in Intensity, energy, and angle. Generalizations
based on experimental measurements are equally
difficult because the uath are Limited and distributed
ove a variety of structursl types, and often luck in-

!} eansistancy.

“Under these cirvsu:stances it s felt that, at
present, the best way to determine the shielding ef-
fectiveness of a given configuration of materials is
to estinate It from experimentally measured values
for simlilar atructures under similar conditions.”

It was because of this statement that radiation
measurements were taken in a variety of structures.
But this method of determining the shielding is not
adequate for the sngineer who faces the problem of
designing a atructure to protect its contents from all
weapon offects. Accerdingly, for purposes of predict-
ing the shielding offered by a structure, a somewhat
different approach was taken.

A.4 PREDICTION MLTHODS

A.4.1 Slant Thickness. The conventional method
of computing shielding is to determine the thich- - «=
of the material of the structure along the line of sight
to the source. The.e thicknesses can be transformed
into attentuation factors by reference to numerous
avatlable charts. In this study the charts in TM 22~
200 (Reference 8) ware used.

A.4.2 Path of Least Resistance. Generally, it has
been observed that radiation inside siructures is
greater than could be explained on the basis of slant~
thickness computation. It has long been recognized
that the radiation inside a structure may be much high-
er thar, anticipated due to the admittance of radiation
through the entranceway. To make some estimate of
this effect, and to attempt to aceount for the weakness
of the slant-thickness methad found by the National
Bureau of Standards, the {oliowing assumptions and
approximations were made;

1. In regions of high flux, where shielding is a
problem, radiation iz assumed to be essentially direc-
tional along the line of sight in {ts properties. (An in-
dication of the validity of this assumption will be found
in Sectisn A.6.)

2. Where this directionn) radiatior. most tura ap-
proximately 90 degrecs lo enter the shelter, v dux
is reduced to Yy of its line-of-sight intensity. (This
figure was arrived al by observing that radiation in-
tenzitiea tn foxholes, where esgrentially a right-angle
1. n of radiation is required, vary fror Y, to %, of
the line-of-sight intensity.) If two right angleg or 180
degrees must be turned, the intensity 15 Yq, the line-
af-sight intensity (approximately Y% .

4. Since the foxhole is &t box structure with cne
side open as a “window” .o radiation, radiation through

more than one side or “window” is assumed to be
additive.

4. Where two differeat shieldings ire offered,
such as when o steel door oecupies a portlon of a wall,
the attenuations of radiation through the two are com-
puted separately, and their contributions to 1he: interi-
or dose are agsumed to be in proportion tu their arcas
This, in turn, assumes that the solid angle subtended
hy these areas at the point of inlerest is proportional
to thoir areas. Steel doors localud to one side of a
will do not sutisfy this assumption, but the effect of
the door {8 overestimated and the pradictinn is on
the safe side.

These predictions ure assumed {o he valid up to a
dislance from the “ window” equal to 1Y, times the
largest dimension of the “window. "

AL RESULTS

Internal radiation prediciions were made for four
structures (Stations 560.01, 78.01, Station Complex,
and 3.4) using values of external doses determined
[rom Referance B and shown in Tables 3.1 and 4.1,
The attenuation factors lor materials, i.¢., concrote,
steel, soil, ete., were also determined by using Rel-
erence 5. Howcver, these attenuation factors ave
applicable for yields below 100 1 and therefore the
factors used in this report wall be somuowhat conserv-
ative since the yields of most of the weapons in ques-
far exceed 100 kt. Both the slant-thickness and path-
of-least-resistance } rediction methods were used.

In the following computations the atienuation [uctors
are first delermined and the resulting attenuated radi-
ation values which are the product of the attenuation
factor and the predicted external dose 2re presented
in Tables A.1 through A 4.

A.5.1 Station 560.01 (Item 2. Thia wa - 2 rectanen-
lar box structure with interior dimensions ¢l 25 by 10
by 8 (ect with 4-foot-thick walls and roof (Figure 3.5).
The wall facing surface zero for all shots of interest
was shielded by an earth berm which was three faet
higher than the structure (Figure 3.6). The berm was
six teet thick at the top with a vertical surface ndja-
cent to the structure and a two-on-one slope fucing
surfnce zero. This berm was partially eroded by
wave action during Shot Fir.

Sin~c the distance from surfuve zero wus the sume
ler Sho s Fir, Sycamore, and Aspen, the shielding
cenpuiacons are the saime tor ail three shots,  The
erosion of the berm was not surveyed aund has not been
taken into account, thus ”he ratio of sbserved to pre-
dicted interior doses may be sliehtly higher for the
last two shois. The computations are as foiicws:

Slant-'Thickness Methaod:

Geometry: 20 feet of earth and 4 fect of concrete,
Attenuation Factor {AF) for:

20 ft of soil = 107 °

4 ft of conerete - 1.1 x 1673
Total AF: (a» b) = 1.1 ~ 1078, essentiaily zesv.
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TABLE A.1 PREDICTED AND RECORDED PADIATION VALUES FOR STATION $80.01
Bae Saction A.6.1 for determination of attenuation factors (AF).

Predicted Dose Behind Door Average Inwrior Dose
Shot Exteriar Predictnd Pradictad Predicted Fredicted
Dose Method 1+ Method 11t Recorded  Method 1° Mathod II t Rocorded

AF  Dose AR Dose AF  Dose AF Doae
r r r r T r r
Fir 7.000 ¢ L] 7 %1977 49 24.5 0 0 8.68 x 107" 6.1 3.0
Sycameore 210 0 [+] 7 x 1077 1.56 0.6 0 0 8.68 x 1p1 0.18 0.1
Aspen 1,000 ] 1] Tx 19~ T.0 21.9 0 ] A.68x 10”¢ A.68 2.5

* Slant-thickness method.
t Path-of-least-resistance method.

TABLE A.2 PREDICTED AND RECORDED RADIATION YALUES FOR STATION 78.01
Sap Section A.5.2 for datermination of attenuation factors {(AF).

Predicted Dose Behind Door Aversge Interior Dose
Shot Exterior Predicted Predicted Predicted Predicted
Dose Method I ¢ Method Ii { Recorded Method 1* ‘Mathod Il t Recorded
AF  Dose AF Dose AF  Dase AF Dose
r r r r r T r
ir 10,500 - — - — — b [ 0.8 x 1574 8.8 a.0
Sycamore 320 — . _— — 0 [ 9.8x 107%  0.31 ]
Aspen 1,500 0 0 3.5%x10"% 5.25 23.0 [} v 9.8 x 1074 147 1.3
Maple — — -— — —_— —_— — — — — 1.23
* Slant-thickress method.
t Path-of-least-resistance method.
1 Radiation due to fallout.
TABLE A.3 PREDICTED AND RECORDED RAD'. “+"N VALUES ¥FOR ST# 'ION COMPLEX
See Bectlon A.5.3 for determination of Altenuation ' .cn 1t F).
Predicted Dose in Enirunceway Dose Beyond 80-Degree Turn
Shot Exteri:r Preadictad Pradicted Pradictad Pradictad
Dose Method 1* Mathod 111 Recorded Method 1* Method 11 ¢ Recorded
AF__ Doss AF Dose AF _ Dose AF Dose
r r r r r a a
Koa 13,000 0 0 4.1x197? 53.0 70.0 0 0 278x 1674 3.5 4.9
Yellowwoed 600 0.82 480 0.82 480.0 130.0 ] 0 5.46 % 1072 32.0 5.0
Walnut 4,100 0.82 3,370 0.42 3,370.0 875.0 [ 0 546 x 101 225.0 130.0
Elder 4,100 0.82 3,370 (_)_3—2 3,370.0 T00.0 0 (1] 5.48 x 1072 225.0 44.0
* Riani-thickness method.
t Path-of-least-resistance method.
TABLE A.4 PREDICTED AND RECORDED RADIATION VALUES FOR STATION 3.4
See Section A.5.4 for deierminatlon of attaimtion frctuss (A ¥
Predicted Dose Under Hatch Cover Avtirago inlerior ose
Shot Exterior Predicted Predicted Predicied Predicted
Tione Mathod 1* Method 11 __ Recordged  Meth,dl* Me-dod I ¥ Recorded
A¥ Dos2 AF Doae AF Y] AT Desy
I r r r r r r
Kon 7,000 — - - —_ - o ] 1.08 x 1072 740 7.3
Yellowwood 1,000 0 4] 5.46%x 107  64.5 8.3 0 0 1.06 % 107% 10.8 0.9
Walnut 6,701 ] 0 5.46 x 16~? 366.0 378.0 il [ 106 % 1072 7L 41.0
Elder G,'h'.‘_ﬂ 0 0 5.48 x 10”} 366.0 480.0 0 0 1.06 %1077 Ti.0 8.0

* lant=thirki: - method.
1 Path-af-least-resistanca methed.
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Path-of-Least-Resistance Method:
AF for one side wall and roof:
4 ft of concrate = 1.1 x 10 ¥ x 2
1 90-degree turn = Y, x 2
AF for rear wall:
4 ft of concrete = 1.1 x 1073
1 180-degree turn = ‘/no
Sublotal AF (1 % 2 4 3 % 4) = 2,98 x 107¢
AYF for side wall with deor: (This wall is not
only at slightly more than 90 degrees to the line of
sight but is also in a radiation shadow vaused hy
the berin. Thus the radiation must turn an angle
somewhere batween 90 and 180 degrees., A 135-
degree factor of Y, 18 used here although the full
180-degree factor of Yy was used in the [TR.)
Four feet of concrete = 1.1x 1073
@x9H-6x3H
25 x 9
3, -inch steel door = 0.7
(¢ x 3
w9
135-degree turn = Y,
Subtotal AP(1x 2x 5+ 3% 4x5) =5Tx10"¢
Total AF for structure = 8.68 x 1674
Total AF just behind the door (3 x 5) = 7> 1n~3
See Table A.1 for & comparison of the predicted
with the measured radiation doses.

Wall-area factor .92

Door-area factor = 0.08

A.5.2 Station 78.01. This was a buried concrete
structure. The earth cover over the roof, along the
side, aad the surface-zero side of the siructure had
been eroded since construction and were of unknown
but appreciable thickness (Figure 3.18 and 3.19).
However, since the walls and roof of the struct.re
were so thick, it is believed that no significant radi-
ation entered the structure except through the wall
and door located at the back side of the structurs.
The rear wall was 5% feet thick, 9% feet high, and

13 feet wide with a %-inch steel door 8 feet 2} inchesa

high and 4 feet 24 inchea wide.

Since the distances to surfiace zero were the same
for all shots except Maple, the shielding calculati-us
are the same for all conditions ~xcept Maple. For
Maple, the radiation was due to fallout and no calcu-
lations have been made. The computations are as
follows:

Slant-Tkickness Method:

Total AF (axbxe+c~xdxe)=9.8x 1074
Total AF behind door (c x &) = 3.5 x 1073
See Table A.2 for a comparison of the predicted
with the measured radiation doses.

A.5.1 Station Complex. This was a burfed,
reinforced-concrete structure consisting of many
components (Figure 4.3). The thickness of cover and
layout of the structure were such that the only signif-
icant radiation was found in the entrance tunnel which
had n % -inch steel door the full height and width of
the tunnel. The tuunel made a 90-degree turi, within
a distance equal to one and one-half times the height
of the door.

For Shot Kea, ground zero was located on ihc far
side of the structure, and the door was completely
in the shadow of the structure, thus requiring two 90-
degree turns of radiation. For all other shots of in-
teresat, the door faced surface zero and thus the com-

putations for slant-thickness and path-of-least-resistance

methods were identical. The computations are &g
follows:
Stant-Thickneas Method:

The slant thickness for the Shot Koa georcetry
resulted in an atienuation factor that predicted no
significant radiation wiihin the station.

For the other shotg, the A} for the entrance
was the same as that determined by the path-of-
least-resistance methiod while the AF for the area
beyond the 90-degree turn was negligible.

Path-of-Least-Resistance Method:

AF for Kon only, Entranceway:
'4-tnch steel door = 0.82
180-degree turn = 5 x 1077

Total AF {ax b) = 4.1x 107

Area beyond 50-degree turn:
9¢-degree turn = ¥

Total AF (ax bx ¢) = 2,73 x 1074

AT for all othet shots, Entranceway:
Total AF (a) = 0.92

Area beyond 90-degree turn:

Total AF (a x ¢) = 5.46 x 1072
See Table A.3 for a comparison of the predicted
with the meusured radiation doses.

A.G.4 Station 3.4. This was 1 reinforced-concrete,

Stnce the slant thicknesa war sn grant. the at-
tenuation factor deteriained by this method predici~
ed that no significant radiution reached the interior
of the struclure, hence an AF ~f zero.

P - f Tepsl fleatstance Method:
AF for wall and door:
51 feet of concrete = 1074
Wall area factor = 0.721

¥%,-inch steel door = 0.7

4.2>4.2
Door area factor 553 0.279

180-degree turn - & ~ 1073

box-type structure meounded with earth, the roof betng
Aeah with the top of the maund. The roof wes 20 4p
ches thick and 7 hy 7 foet in plan with o sicel hateh
cover V, inch by 3 feet by 3 feet located in one corner
(Figure 4.24).

Sinr~ the Yradistion window” for ‘his structure
was the roof, the location of ground zerc or surface
zero had no effect on the AF determined by either
method. The computations are as follows:

Slant-Thickness Method:

Since the slant thickness was sn great, the at-
tenuation factor determined by this method pre-
dicted thut no significunt radiaticn rvachcd the
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Interior of the structure, hence an AF of zero.

Path-of-Least-Resistonce Method:
AF ior roof:
30 inches of concrete = 1072
Rool-nrea factor bl =3 > 3) 7,3 : ;3 >3 . oe1e
t4 inch siwel hatch = 0.62
Hatch-area factor = 0.184
90-degree turn = %),
Total AF (axbxe+¢xdxo)=1.06» 1077
AF under hatch:
Total AF {v x @) =5.46 < 1077
Se¢e Table A.4 for a comparison of the predicted
with menasured radiatior. doses.

A.6 DISCUSSION AND CONCLUSIONS

Comparison of the predictions shows that the path-
of-least-resistance predictions gave & more realistic
appralisul of irterior doeages. The location and re~
corded values of the film badges used tor the struc-
fures is shown in Tables 3.2, 3.3, 4.2, and 4.3. The
fallowing observalions were mude from o siuuy of
the referenced tables:

(1) In Structure 580.01, Film-badge F, whichis
on the wall opposite the door, showeu mgne. uUoses
for all shots than any other interlor badge.

{2) In Structure 76.01, Film-badge J, also located
on the wall opposite the door, showad the highest dose
for Shot Aspen.

(3} In Station 78.01, for Shot Maple, where the
source of radiation was fallout, the f{lm-badge re-
cordings for all badges were very uniform.

(4) In the Station Complex, the nredicted doses
using the path-of-least-resistance method are all too
high. However, two points should be noted: first,
the attenuation around the g0-degree turn inside the
structure i8 of the right order of magnitude; and sec-
ond, all devices were shialded with 180-degree con-
crete shields or 10-foot water shields. The effect of
these shields on dose rates 18 not known to the author.

(5) In Station 3.4, Film-badge B, which {s the
closest interior film badge to the door, shov.ed the
highest dose, and Film-badge A in the hatchway show-
ed even higher doses.

(8) The predictions for Station 3.4 frora Shots
Yellowwood, Walnut, and Elder were more nearly in
agreament with observed dosas than predictions for
tha same shots for the Station Complex.

Obsecvations {1), (), and (5) above tend to confirm
the arsumption that 1radiation follows the line of sight
through a radiation window.

Obaervation (4) and the generally {cir predictions
for all structures tend to confirm the assumption of

attenuation for 90-degree turns.

Observation (6) may be explained by noting Lhat the
radiation ‘window for Station 3.4 is harizontal sc that
fallout and residunl . sdiations inay enatribute more
significantly to the obaervations than they do in the
Station Complex.

Obrervation (3) indicates that the 90-degree atten-
uation is not valid for residual-radintion predictions.

It should be noted that doses were recorded in the
same loeation by saveral mutually parpendicular film
badges. The effect of fiim-badge orientation was
small. These film badges are sensitivu to both gam-
ma and neutron radiations, and to both initial and
residual radiations. It is not possible to determine
how much each of these contributed to the doses re-
ported. Since the weApons consideru. and the range
at which cbservations were taken were relatively
large, it is agsumed that neutron radiation is not a
large percentage of the total, less than 20 percent.
None of the structures were {n reglons of high fallout
excepl as noted for Station 78.61.

The path-of-least-resistance method contains a
nimhar of apnroximations for which greater refine~
ments are poasible. Among these {g the assumption
that all the radiation is monodirectional along the
line of sight, and therefore ail radiation must turn the
90-degree angie, The sctual distribution of radiation
at various ranges from the source has bwen the sub-
Ject of such studies as that reported in Reference 18.
Another {g the assumption that the parts of a window
contribute to the total radiation in proportion to their
area. It is stated in Reforence 17 that the effective
contribution of each portion of the window is taken as
proportionsl to the solid angle subtended at the point
of interest by the portion of tha window boing consid-
ared. It is belleved that refinements such as those
do nat add suffictently to the accuracy of the prediction
to warrant thelr incluaivn in a predictisn rranadune
that an engineer would use in designing a structure.

A.T RECOMMENDATIONS

1t is recommended that the path-of-least-reslatance
method be used by engineers Lo predict initial radin-
tion when designing structures to resist the effects
of nuclear weapons and for determining structural
and/or construction requirements to provide adequate
radiation protection. When designing protective struc-
tures for which tho point of burat is unknown (which
will generally Ue true except al the Nevials aid Enf-
wetok Proving Grounds), it shoul? ha szourned that
the radiation window faras the point of burst.
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Appendir 8
DIFFRACTION LOADING of STATION 1312

Station 131.1, a massive, reinforced-concrete struc-
tare, shown ln Figure 4.32, made an oxcellent target
fur a blast-diffraction study. Consequently, flve self-
1ucording, air-blast gages were installed by personnel
from BRL. The gages were placed fluah with the front
face, the roof, and the rear face of the siation. Pres-
sures were recorded for Shots Yellowwood, Tobacco,
Walnut, and Elder. The gage geometry, including

the plan and elevation for the station, is shown in Fig—
vre B.1.

B.1 PREDICTION METHODS

The general methods set forth in Reference 15
(which were derived mainly from shock-tube stuates)
were used in predicting the pressure on the front face,

reol, and back face of the structure, However, pressure-

decay curves both for side-on and dynamic pressures
us presented in Reference 8 {TM 23-200) were used in
predicting pressure-time relationahips.

The free-field overpressure and duration measure-
ments from Station 174.28, located adjacent to Station
1312, were used in predicting the diffracted pressures
orn the atructure. In this manner a more reliable in-
put value of pressure was obtained since the predicted
values shown in Table 4.1 were slightly lower than the
measured free-field values. The free-fleld pressure
measurements are presented in Table 4.4. Where
duration values were not available, the predictad val-
ues were used. ‘Since the time of the preparation of
this appendix, the value for the free-field uverpressure
for Shot Elder at Station 174.28 hags been revisaed and
is now 71 psi (8ee Table 4.4) rather than the 65 psi
us used In the calculations for the diffraction study.
Since the difference is slight, the values in Figure
B.5 have not bean chanked to reilect the increase in
measurad pressure.

B.2 RESULTS AND DISCUSSION

The recorded and predicted pressure plots for the
AL, g3 Iengiiona for Shots Yellowwooed, Tolazze,
Walnui, and Elder are shown in Figures B.2, 3, 4,
and 5, respectively.

The predicted arrivai tine of pressure at the var-
ious gages was in close agreement with the measured
valves where a comparison of these values was possi-
ble.

It was obsarved that ths predicted and recorded

pressures on the fiont face of the structure v.ere in
close agreement; however, the predicled pressures
were slightly greater.

The paak valuss for the recorded prassure: -a the
roof were very close to the predictad values excapt
for Record 5-C, Shot Walnut. It was also ohserved
that the vortex-action effect on the measured pressure
did not cause as great a decrease in pressure as the
predicted plot implies; but the recorded duration
shows that the vortex lasted for a longer period of
timo. It was alsg observed that the greatar the praea-
sire, the greater the strengdh, and the longer the du-
ration of the vortex.

The predicted anrd the recorded pressures on the
back face of the structure were in close agreement;
the predicted pressure values were consistently slight-
ly lower.

The predicted durations for the free-field overpres-
sures were in very close agreement with the measured
values,

B.2 CONCLUSIONS

The methode used in predicting the load an the
front and back wails of diffraction-type structures
oriented at a zerp angle of incldence provided results
sufficiently realistic for design or analysis purposes.
The predicted front-wall pressures were higher and
the predicted back-wall pressures were lowser than
the measured values, resulting in the prediction of &
consarvative, net-lateral load which is greater than
the meagured load.

The predicted pressures on the roof were in least
agreement with the recorded results. The records
indicate that the vortex action lasted for a longer period
of time than predicted and that the maximum preasure
decay was not as great as predicted. It was aiso ob-
trved that the vortex action 18 extremely senpitive
to pressure level. lhese few recoris indicate that
additional shock-tube study Ir needed for the purpose
of revising prediction methods for determining pres-
sures on t:13 roof of diffracticn structures, However,
the present prediction method for determ.ning roof
overprassure, even though conservative, is satisfac-
tory for design purposas untl] a better method is de-
vised.

The wilde range of pressure values presented in
this study should enable designers to proceed with a
reascnable degree of confidence whan designing blast-
resistant, diffraction-type structures.
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Figure B.1 Plan, elevation, and gage geometry for Station 1312, Site Janet.
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Appendix C
RESPONSE of GAGE PIERS 1o BLAST LOADS

Siations ?0-B, C, D, and F on Site Janet offered an
o> pottunity to compars predicted with cbserved re-
rponsde of reinforced-concrete gage piers, hereinafter
4150 called beams, oriented at various angles of inci~
deice with surface zero and located at vaRrious pressure
levels. Statlons 20-B, C, and F were cracked through
at the base (see Figure 4.71) by the air blast from Shot
walnut, however. neither Shot walnut nor Elde: dam-
aged Statlon 20-F. Since the length of the pier w -
yrouter than 5 feet it was analyzed ao » diffraction
ta: pot according to Reforence 18, A tvpical picr and
siructural detnils can be aven in Figure 4.69. The
estimated pressures racelved by the four statlons at
the various angles of incidence from ground zeve are
shown in Taole C.1. The ungle of incidence is the
angle formed by the inwraection of & line fiom ground
zero and the normal to the front face of the structure.
Since information on the strength properties of mn-
terial {8 necessary in predicting structural response,
the strass-strain relations for steel and concrete used
in the gage plers have been assumed and are shown in
Figures C.1 and C.2, respactively. The comprassive
stress for the concrete was specifiad as 2,000 _si when
the pler was constructad; however, it is asaumed that
age has Increased the strength to at least 3,000 psi.
The reinforcing steel was of intermediate grade and 2
lyplcal curve has been drawn to represent the stress-
strain relation of the % -Inch bars used in the plers.
Te account for the rapid loading by the blast forces,
the curves have been Increased by 30 percent as shown
by the dotted lines, The first of the following nnn'yses
usas denign strengtha of materials under static condl-
tiona while the second canaiders the ultimatie capacity
of the system under dynamic conditiona. Notations us
used are listed at the end of this appendix.

C.1 STRUCTURAL ANALYSIS UMING D SIGN
STRENGTHS

The static desiyn axalysis, inciuding definitions for
symbols, was made according to nractices set ferth in
R om o 19 {ACT Codde). A 1-foot-wide sectien was
asrzUoed and the load causing reuctions to the vantile-
ver Sections was asdsumed uniform and normel to the
beam, asa Figure C.3. The stress relation for the
design condition is shown in Figure C.4. The follow~-
ing ¢alculations predict the nat lateral preasure (w)
that can be appliad to the He:m ae limited by moment,
disgonal tensiun, berrin,, and bond. The values listed
werse uged in the computations.

Ag — AL = 0.4 in'/foot

b = 12in.
d =9 in.
fo = 1,350 pai

[l = 1,000 psi

y
k

s = 20,000 pal
47,000 psi

a -

p - p' - 0.004

Sy = 75u bsi
u = 300 psi
v = 90 psi
Ey = 2.4 in.

Datermination of Neutral Axls (NA):
Take moment of urea ubout NA. See Figure C.4 for
section geometry.

6XP (3 -X) (4 ) —(9—X)(4.4) = O
X+ 4TV - B4
X = 2.32 in.

Determine If moment is limited by compression or
tenslon. From Figure (.4,

f _nf. (d - X)
5 X

fo = 1,350 psai (design stress)

_ 10 {1,350) (8.6R)
2,38

fg += 39,000 psi »20,000 psi.

Therefore the moment |5 limited by tenslon.
Determine {, when Iy = 20,000 psi

(o Xl {247 (20,000)
¢ n{d~X) 10 (8.68)
fe = 695 psi

Use this value when computing mument.
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TAELE C.1 PREDICTEL PRESRURES AND DURATIGONS FOR STATIONS 20-A TO 20-F
) Ground  Angle of T T TReflected | Pasitive -
S (] 8
Station Shot Yield Range Incidence Overpressure Pressure Duration Remarks
ft dey psi pai sec
20-A Wa'nut  1.46 Mt 1,600 24 26 84 —_ -
20-B Walnut  1.45 Mt 6,930 26 25 78 —_ Failad
20-C Walnut 1.45 Mt 7,125 29 23.5 70 —_ Falled
20-D Walnmut 1.45 Mt 7,440 33 21 651 2.1 Failed
20-E ‘Walnut 1.45 Mt 8,160 40 18 54 — *
20~F Walnut 1.45 Mt 8,865 44 16 51 2.2 No damage
_‘20-1‘ sider 910 kt 7,100 53 18 41 1.9 o drmage
* Deslroyed during previous operation.
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Moment:
From Figure C.-t,

M = [ AL 4 —X/3) + I AL (8~ X/3)

betermine the maxtmum shear (V,) on the section as
governed by nllowable shearing stress (v).

Vy = (v} (1) (Jd), where i in this case {s 8,43
= (90) (12) (8.2}

since
V, = 8,800 Ikt
gl - X -8
8 X Determine lateral pressure (w) as governed by the
maximurne allowable shear of 8,890 ih. From Figure
_RLWd-—X) c.a
S Ty
.
w6
w (paih
Assume & 1-foof section for the beam 4 /M/Wﬂ/z
1 5' 0"
b e
SHEAR:
v=80inxX12n X w
¥ = 120 w (b/ft)
MOMENT:
1
M=12wxtix 3
M = 21,800w {in-1ba/ft)
Figure C.3 Assumed loading geometry for typical pier.
then then
M~ 106.87 f, w = 12.3 psit
when Bearing:
= 595 sl Since a 3-inch keyway was usod, assume the effec-
fe = 895 ps dve Lentring tve de iy LU ihches {00 sguaz T
then

M - 74,300 in-lb

etermine lateral pressure {w} as governed by wax-
tmum allowsble moment of 74,300 in-1b. From Figure
.4,

w = M
21,500
then
w = 3.4 pai

Diagonal v nsjon:

and 750 psi {sp) a5 e Jesign slreos in Learlsg
vy, = gy, (36)
Vi = &,000 b
Determine laterzl pressure (w) as governed by the

maximum allowable bearing load of 27,000 a! the key-
way.

c =k
¥ = 726
w = 348 psi
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Bond:
Deterinir the maximum shear (V) on the section
4s governed by allowable bund stress (u).

Vy = Ey () )
Vu - {2.4) (B.2) ‘300)
Vy = $,900 b

Determine lateral pressure {w) as governed by the
jnaxinuun allowable shenr of 5,900 pounds.

- Yy
T20
then
w = 8.2 psi

From the preceding calculations {4 is obscrved that
moment conirels the load for the piers and therefore,
ihe design load (w) {or the pfers ts 3.4 psi.

12 in.

(0 —k‘—Kyd _ €f
Kd o (C.2)

G-k —Kd o
(1= Kjd €y (C.3}

Stress Relution:
C=Ty+T, {C.4)
Y i.Kbd = p*hdfl + phuig {C.5)

My = bi'p' (1-k' — K/3)f§ + bd'p (1 - K/3),
’ {C.86

From Figure C.1 the following stress-strain rela-
tion for steel was determined when 1 is less than

fdyi
I, = 4E (.7

| 2!

i

C = Y11bX
Ty = fiA,
T Ty = {A,

Figure C.4 Stresa rslationship for concrete section at design sirength.

C.2 BEHAVIOR OF CONCRETE SECTION UNDER
DYNAMIC LOADS

The analyses were made according to the general

procedures set forth in Reference 20 oxcupt that Jynam-

i¢ valies were used in place of static-strength values
for each muterial. The behavior of the besm (gnge
pier) was first determined at the yield strength and
secondly at the ultimate strength capacity of the sec-

t.on. Fram the values of moment a1 yield and ultimate,

an {dealized resivtunon eurye feo the fvpiom haeem was
determined.

C.2.1 rlexural Behivior at Yield. The following
ecometric relations were determined from the stross-
strain relation for the concrete nection ar yield as
shown in Figure C.5.

Strain Relation:

Rd ¢ (c.1)

d £a + €

13 = €k {C.8)

From Figure C.2 the following stress-strain rela~
tion for concrete was determined when f, is less than
3,000 psi:

fo = €gB, c-9)

Determnination of Moment at Yield (M, ).
Tr= general moment equation {6) was used to solve
M, by letting f; equul f), and by determining values
for K and fy By solving Fquabion L.2 with the aju ol
Equations C.L, C.3, C.'r, ©.4, and U.¥, K was deier-
mined. Once K ws solved, () was iound by solving
Kquations C.3 und C.8. The results are as follows:

K -\Izp'nu =K'} + pn+ n*(p' + p = n(p' + p}

(C.10)
when
p=p'=0.004
k' = 0.67
n =10
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then
K = 0.268

: k!
fg = Eal:.(l - ]T!\')

when

€y

k' = 0.87
then

3 = 6,040 pst

Solve 1,

0.00203 (8ee Figure C.1)
E = 30 x 10% psi

psi, the upper limit of Equation C.9.

b

DA

"'.ﬁ

s
™
-
_“c_. I
€ = 1—‘5“—K = 0.0007
fo = €cE. = 2,100.0 psi

{C.11)

to muke certain that it is less than 3,000

5y
&

$,1
Ay = y_ {C.18)

Where: L =601in

&y = 0.256 in

C.2.2 Flexural behnvior at Ultimate. Al the 2lti-
mate capucity of the section several conditions of steel
stress could exist. The first possibility that was in-
vestigated assumed that {, was greater than {3, and
that f{ was less than {3, when [, was at uitimate
strength. The ascumption proved erroneous sinve the
strain value for f} exceeded the airain al yleld. It
was next assumed that both {; and f were greater
than fy,. However, for this condition, the struin
vajues showed that both stress values were in the yield

k'd
1 -xd

i Kd,
( |
o
b}

an - %/3)

Ty

.

STRAIN

(C.12)

(C.13)

By substituting the appropriate values {nto Equation
C.6, My waR determined.

M, = 223,000 in-lb

(€.14)

Determination of Maximum Curvature

(¢ ) of Beam.

The maximum curvature of the

benm when the moment is equal to M, was found by
solving the following expressions:

=My
% " E.L,
Where: ly

i, - o811 4n
by = 2.85% 1074 (™!

Determination of Maximum Deflcction

&'\v)

at Yield.

= b(ka)" + pnbd®(1 — K; + p'nbd’(1 — k?

(C.13)

—Ky?

The maximnum deflection of the

bedra at yield was found by selving the following ex-

prescion:
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STRESS

Figure C.6 Stress and strain relationships for concrete section at yjeld etrength.

range for steel. It was evident that both fg and 15
were equal to f but it was also evident that the quan-
tity “a” shown K‘.\ rigure C.6 «ust be caloulated Lo
fully since this value con!rolled the compressive area
of concrete as well as the length of moment arms.
Therefore, an idenlized stress-strain curve (f, =
60,000 psi; and E, = 23,800 psi) as shown in Figure
C.1 (which closely approximates the actual curve) was
assumed. The stress-strain reladon for the concrete
section at ultimate capacity is shown in Figure C.8§,
and the following geometric relations were dstermined:

Strain Relation:
a ¢
| S 3
i (C.1n
a &
ETr R 19
€ dl-k')-a
€g d—a {(C.19)
Stress Relation:
C =T +T, {C.20)
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KiKyidba = fip'bd + [,pbd C.21)

My = (d=Ka) (Agly) + d{l = k') — K AM} (C.22)
From the idexlized portiun of the stress-strain curve
shown in Figure C.1, the following expressions were

determined:

fg = fh+ € Fy {C.23)

1y = 6+ €L, (C.24)

Determination of Moment at Ultimate
(M) . The ultimate moment for the heam was found

b

|
T

12 in.

Iy = 23,800 pai

s = 60,850 pai
Solve ¢, from Equation C.23,

€g = 0.0273 {C.28)
Solve a by using Equation C.17,
a = 1,15 In. (C.27)

Solve ¢} by using Equation C.19 wnich ascertains that
the struin was in the yield range.

€l = 0.0063 (C.29)
€ K,!",;
_47‘1-* — T —-‘:g C = K;Kgfiba
- T
/ R
8 ‘;'F o 1 — Ty~ fghy
%, 2
L
- 3
L] L €y Ty :ZA'
STRAIN STRESE

Figure C.6 Stress and strain relationships for concrete section at ultimate strength.

by solving Equation C.21; however, .se quantittes f,
fg: and a were first determined while {; was assumed
equal to its ultimate value. The quantity fg was first
determined by solving Equation C.21 with the aid of
Equations C.17, C.18, C.19, C.23, and C.24. Once

fs was found, a was determined by solving Equation
C.17, and f} was found by solving Equation C.24. The
results are as follows:

K KyfleuEy K ot ¢
is =ft_’?,f'“+w f%-zfoequ+eu33+—4--2-

{C.25)
where
o=l - U p/pt — %'k /p
8

t 1
g+l - By

when

f} = 3,900 psi
€y = 0.004

p = p' = 0.004
k' = 0.67

fy = 60,050 p8i

By substituting the appropriate values into Equation
C.22, M, was determined.

My = 290,000 in-1b (C.29)

Determination of Maximum Curvature
{$,) of Beam. The maximum curvature of the
beam when the moment is equal o M,, was found by
solving the following expression:

Pu = EB.;;‘L {C.30)
@y = 3.48x 107 ot

Determination of Maximum Deflection
(ay) at Ultimate. The maximum arflection way
found by takirg oiatical inoments of the beam ioaded
with angle changer which is illustrated in Figure C.7.

when

M = M,, w=134psi (C.31)
Find {2 section on the beam where the moment {s
equal to My‘

X = 52.6 inches (C.32)

Determine deflection at vnd of beam,.
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By = dy(10X + 300) + $,(,200 + 10¥ - x4'5)
4, = 1.062 inches (C.33)
C.2.3 Moment-Curvature Relation. The moment-

curvature relation (M — ¢) {8 shown in Plgure C.B. The
idealized curve 48 shown by the dotted linc was drawn
to ustablish the tdeallstiv rasintance function of the
beam. The resistance (r) of the beam was determined
by using the tdealized moment and found as follows:

My + M,
Mp =-_.¥_2__!1

(C.34)
Mp = 261,600 in-1b
w=r=-—*—‘9—(m re C.3 C.35)
Zie00 O Bure C.3) .
rr = 12.1 pst (Resistance of Beam)

C.2.4 Shear-Compression Mode. The momenc re-
yuired Lo praduce fatlure {n the shear-compression
mode was determined as shown in Reserence 18 and
presented as follows:

s , 4.51%
M, = bd [fé(k-t-np ) (0.57—70—“-] (C.36)

where
k =V{hﬂ)* pt)li + 2n{p + p' -p'k')-n(p* ph)

M, = 440,000 in-lb

Since this moment {8 greater than the moment deter-
mined for flexural failure, it may be assun.:d that the
critical mode is in flexute and not in shear compres-
slon.

C.3 DYNAMIC ANALYSIS

Stnce no measured pressures for any of the piers
were taken, the Incident pressures were predicted
along with reflecied pressures for the particular an-
gles of lncidence. The positive durations for pressure
were also predicted and are shown along with the other
values in Table C.1. From the table it was obvicus
that it was necessary to construct only two pressure
diagrams, namely for Stations 20-D and 20-F for Shot
Wxlnut. The pressure diagram for 20-D gave the
minimum cbserved prussurs that cuused Luilure wnil
the disgram for Station 20-E shovied the maxtmum ob-
strved pressure that did not cause fallure. After the
prossure curves were detcrmined the piers -vere ana-

mad Lo eangpare predicied rosponee with obrerved
response,

C.3.3 Determination of Load on Plers. The pro-
cedure presented In Reference [8 was used in predic-
ting the pressure-load curves for Stations 20-D and
20-F. A method for ac -urately deter'mining the pres-
sure on the rear faco o diffraction targets when the
incident pressure 18 it an argle of incidence greater

158

than zero is not described. [lowever, for design pur-
poses the reference recommends that the method de-
scribed for determining the pressure on the back face
for the zero-angle-ot-incidence condition also be used
for conditions when the angle of incidence is greater
thaa zero. This ohviously results in u conserative
estimate for the net latera) pressure. The gressure
and duration values shown in Table C.1 were used In
computing the curves shown in Figures C.0% and (.10,
The figures show the pressure on the front and back
faces of the pier, the net lateral pressures, and the
net {dealized lateral pressure which was used In the
dynamic analysls. A detailed plot of the reflecied
pressures for both cases is presented in Figace C.11,

.3.2 Natural Period of Vibration. 'The [ollowing
equation from Reference 21 was used to determine the
natural period of the beam for the fundaments] mode.

2y | W

TNGET

T, = (c.a7)

where
(nyLy* = 3.52 (first mode)
n? = 9.18 x 107

when
g = 387 in/sec?
Eg = 3x 10% pat
I =332 in'
W = 12.5 1b/in of beam
L = 60 in
then

T, = 36.6 msec

C.3.3 Dynamic Analysis of Pier. Since the fura-
tions of the pressurc spikes in Figure C.11 wer:. signif-
tcant when compared to the natural period of vibration
of the beam, the pters were analyzed for both the effects
from the gpike and the regular net [ateral pressure. A
chart entitled “ Maximum Response of Single-Degree-
of-Freedom Syatem to Initial Peak Triangular Fowce
Pulse,” in Reference 22, was used in determining Py,
die maximum transilui e tosgs
withstand,

pressure Hai

station 20-D;
Bpine ulone:

t = 0.018 sec {Figure C.11}

P = 61 psi (Vigure C.11)

T, = 0.0366 sec

g
[

= 0.256¢ In (Equation C.16}

0.0€Z (Equation C.33
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Find “w” when M = M,

w (see Figure C.3)

* 21,800
¥ind section or besm where
moment is equal to EI

M, = owx?

xRS

Determine maximum geflection {Au)

Tuke statioal momentis of angle
changed about 0"

2X X
Prig by g

¢,:(§+ao)- Py (60 -X)

=¢y(1

R AR
@

b o
800 ~2-)

by

&8+ 40

e

x!
dy: és +40) (pu =y} * % . {60 =X)= (¢u—¢y)(1.2oo—zox—i)

1
Ay =Z = ¢, (10X + 600) + %u.zoo-mx—%-)

Figure C.7 Detsrmination of deflection at uitimate capacity.

400 ] l
4Idealized Curve (Mp = l—‘bl*'—mL)

- £ 2 ]
g 300 . M,
=
! h
=] 1

106 | |

0 [ l #y #y |
0 0,001 0.002 0.003 0.004
CURVATURE

Figure C.8 Moment-curviiure diagram for beam.
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r = W = 12,1 pai (Section C.2.3)

0.016

v.oase 0437

Then: /T, =

.. Losz
Sufdy ~ gag - P

From Chart, Reference 22:
P/t # 2.t
Py, = 2.412.1) = 29 psi <61 psi

Since the net pradicted pressure to cause failure was
29 psi and the actual pressure was 61 psi, the beam
should have falled from the spike load alene. lIdealized
lateral pressure (without the splke load):

t = 1.2 gec (Figure C.9)
P = 17 psi (Figure C.9)

Then: t/T, = 33

Fror: Chart, Heferencc 22:
P/t = 0.9
Poo= 0.9%12.1 = 10.9 pai <17 pasi

The srescure of L7 psi was sufficient to cuuse failure
of the beam.

Statlon 20-F:
Spike alone:

t = 0.015 seu (Figure C.11)

P = 31.0 psi (Figure C.11)
then
t/Ty = 0.410 N4
By

From Chari, Releienve 22;

P /r = 2.5
Pp, = 2.5x 12.1 = 30.2 psi <51 psi
Since the actual pressure was 1 psi the heam should

have failed according to the abeve calculatlons; how-
ever, the beam did not fail.

Idealized lateral pressure:

t = 1.2 (Figure C.10)
P = 11.0 psi {Figure ¢.10)
then
A,
t/Ty = 33 A - 4.2
" ay

From Chart, Referunce 22:
Pp/r = 0.9
Py = 0.9x 121 = 10.9 psi <11.0 psi
The net predict:d pressure of 11.0 psi and the minimum

pressure of 10 D psi to cause fatlure are very close,
and it can he < sumed that due to this Ioading the beam
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was very close to jailure.

C.4 DISCUSSION AND CONCLUSIONS

Eveon though the analysis wus made nssuming; both
the strenglh properties of the materiols and the air-
overpressure values (o the two stations Invest gated,
the predicted and the observed responce »re in fairly
close agreement.

However, there exists n lack of datu for use in
determining resiected front-wall pressures as th2 an-
gie of incidence deviater from zero. There is 2ven
less dat: concerning pressures on the rear faces of
such structures. Shock-tube studics and/or high-
explosive tests should be conducted to establish the
relation of pressure on the front and hack faces of
diffraction targets at varioua angles of Incldence.

If the spikes are neglected, the anulysis predicts
that Statjon 20-D would fajl, which it did, The analysis
for Staiion 20-F proedicts thst the pler was ay the thres-
hold of failure; howover, the pier did not fail. The
analysis predicts that both piers should fuil from the
spike loads alone.

It can bu obse. ved that the ultimate bending capacity
of the beain ande: dyaamic conditions 18 approximately
four times greater than the bending capacity under stand-
ard design strcngth corditions.

For desaign purpyscs the method used was satisfac-
tory; however, for inalysis purposes refinement is
needed.

C.5 NOTATIONS

a, depth of stress biock in conerele at maximum load-
carrylng capacily
Ag, area of tension reinforcement
Aj, area of compression reinforcement
b, width of rectangular flexure member
C, total compressive force in concrets
d, effective depth of beam which is the distance fiom
the compression face of the concrete to the cen-
troid of the tension steel
E;, modulus of elasticity of concrete in the elastic
reglon
Eg, idealized slope of stress-strain curve for reinforc-
ing steel in yield region
{c. stress for concrete in compression
fd, ultimate compressive strength of concrete as
determined by standurd test cylinders
fdc.dvnnmjc ultimula romprassive etrangth nf concrete
I, stress for steel in tension
, yield point of steel in tension
Zy» dynamic yicid or steel
Iy, definad in Figire .1
Iy, moment of inertia of bsam crosa section trans-
formed to concrete
J, ratio of distance (jd) between resultants of compres-
sive and tensile stresses to effective depth
jd, lever arm of resisting couple
k', a factor when multiplied by d gives tne distance
between tension und cempression reinforcement
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K, a factor when m+'tiplied by J gives the distance
from the ¢~ npressive face to the neutral axis of
transformed soction (straight-line theory)

Ky, K;, coefficients defining the magnitude and position

of the inl.rnal compressive force in concrete

k:, ratio of maximum compressive strength of concrete
in beam to compreasive stremgth of stundard test
cylinders, 1}

M, any beiading moment

Mp. fdealized bending moment

M,, bending moment for shear-compression mode

My. bending moment at uitimate

, bending moment at yield point

n, Eg/E., modular ratio

Py Ag/bd

Pl AL/od

P, maximum transit pressure the beam can withstand

r, equivalent stutic resistince required in a member
to resist imposed transient load

8y, allowable bearing unit stress

t, duration of triangula. torce pulse

Ty, totei tensile for-t iy upper reinforcement

Ty, tatal tensile 1orce in lower reinforcement

184

Ty, natural period of vibration .
u, allowable bond sirese per unit of surfuce area of bar
v, allowable shearing unit stress .
Vy,, shear governed by allowabl: bearing unit stress
Sy}
Vi, shear governed by allowable shearirg unil stress
V)
V ,, shear governed by allowable bond stress {u)
w, uniformly distributed load per unit of length of
beum
X, depth of neutral axis from edge of compression end
4y, maximum deflection at end of beam at ultimate
, maximum deflection at and of beam at yiold
€4, strain in concrete
gy strain in steel at dynamic yield paint
€y, ultimate sirain in concrete
€y, strain in tensile reinforcement
€g, strain in compression reinforcement
I, sum of perimeters of bars
dy, curvature of beam at vield peint, in region of con-
Stusl moment
st vatuae of bepm at maximum load-caryying
capaclty, in region of constunt moment.

Cur
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Appendix
WATER ~WAVE DAMAGE

Bl INTRODUCTION

Watar waves {produced by surface or subsurface
bursts) siriking shore (nstallations may cause serious
damage to the components of such installations. There
are many variables; the interrelationahips involved
in pradicting damage from wave action are complex
and not well underatood at this time. The following
discussion, in accordance with this project’s objec~
tives, is Intended to point gut certain saliont features
concerning wave demage in this operation. A much
more comprehensive study devoted to water-wave
ter minal effects was made in Upeeration Hardwaca Ly
Project 50.1 (Reference 23} to provide more-adaquate
design data on wave run-up and overtopping of shore
structures.

D.2 BAGCKGROUND

Shot Baker of Cperation C:osaroads caused waves
which resched a maximum height of 7 feet on shore
at a distanca of about 3% milea from the target center.
In the process of eroding the beach, the waves dis-
placed large slabs of beach rock several feet; thass
alabs measured up to 3 by § by 1 foot In size, Refer-
ence 24,

Wave damage on shore had seldom heen reported
in detail; however, numerous photographs and ohser-
vations were made by Holmes and Narver during
Operation Castle (1864) and Operation Redwing (1948).
See Saction 1.2.1 concerning previous wave-damuge
surveys. The following summeriea set forth some of
the major wave damage.

D.2.1 Oparation Castle. There were numaerous
inatances of wave damuge during Operation Casile,
both at close-in stations and those at great distances.
Shot geometries of Operaticn Cratle are shown in Fig-
ures 1.1 and 1.2 jor Bikini ami Eniweloh, “uopud ta iy
Table I}.i summarizes ‘hiz damage. Ii should alsc
be natest that st many «lose-in stations the enirances,
on the les side from the blast, were blocked by sand
wnd dearic left hy tha Inundating wave. .

D.2.2 Operation Redwing. [n Operation Redwing
there were fewwr large surface shots on water and
therefors much less wave damage than in Qperation
Castle. Shot geor:ntries for Operation Redwing are
shown in Figurev 1.3 and 1.4. Omly one close~in sta-

tion was obsarvad, Station 1320, Site Dog, previcusly
used in Operation Castle as Statton 1210. [n this op-
eration, the protective mound of sangd was coversd by
a layer of asphaltic mixture a few inches thick., Alr
blast and waves from Shots Flathend, Takota, and
Navajo broke up the aaphaltic layer but only about 2
feet of cover was removed from the top of the station
in the three events.

Shut Navajo was a good wavo producer. At Site
Nan, 15 miles away, there was no indication of any
air-blast damage; howsver, the camp arsa was inun-
Jdaled “auting ~onsiderabla damage  Trame striclures
on the lagoon (DUKW repair shop, rigging loft, H&N
Marine Department headquartars) were demolished.
POL tanks were undermined and slightly niwved; a
small dynamite storage house was displaced 75 fest;
gome of the large lairines were displaced 10 to 15
{eet; and there were numarous examples of lesser
damags.

D.3 THEORY

Wave damage to shore instaliationg according to
Reference 8 may rasult from the following three
effects: (1) impact and hydrosiatic force; (2) drag
foree; and (3) inundation. Impact from a front of
advancing water or n bresuking wave, {r sddisian e
the hydrostatic pressure dus to the depth of water, {8
sufficient to damage most onshore structurea with
the excepticn of hardened structures such as those
which are built at the proving ground. Drag forces
may digplace medium sized structures or move rel-
atively iarge objects Lnto collision with a structure,
thus causing damage. Tha third effect, inundation,
is due to the long duration of blasi-genersted waves;
the water may reach A considerable distance inland
and large areas are covered with water for the period
of tima until tha watac recedes.

Generally speaking, it 16 not vuonomioally faasibie
to build protective ser wills so high that thay will
never be overiop:d Uy waves. Tha wave phenomena
are complex; however. avnerience at the nroving
ground has shown that adequate protection for taat
structyres and fncflities can be provided {see D.2.1
and D.2.2). Approximate maximum wave haights can
be predicted from Reference 5. However, estimatea
based on Referencc 8 are for constant depth of water,
i.e., a hottom slope of zero. A more general treat-
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TABLE D1 OBSERVATIONS OF WAVE DAMAGE, OPERATION CASTLE
Code N
Description Bits Bhot Name Damagoe Rang®, fee!

Clons-in Stations:

Station 131; Reinforced-concrets Georgs 4 Union Plsr sxpossd by ~.osion of sand. 16,430
zuge pier, 13 fest long, 4 lcot 5 Yankes  Pier displaced approximately 100 foet. 18.860
wide, and 4 fest deap.

Station 130.087; Retnforced-concrats George 4 Unilon Dler expased by erosion of sand, 15,430
£age nier, 4 by 4 by 4 feet. 5 Yankes Pier displaced approximately 80¢ fest. 16,800

Stations 1403.07 to 1403.14: Dog 5 Yankee  All statiane displaced considerable 6,890
Rainforced-concraws datector distances. 7,100
stations approximataly 7 fest long, T 470
8 (gt wide, and 3 feet deep. 1.%00%

8,000
8,280
8,880
9,800%

Siation 3.1: Relnforced-concrote Clarlie 2  Rumeo  Protaciive mound washed away and 6,800°
submaring terminal pit (zimilar footings underminad; lef structure
1o item 2T, Chapter 4}, tilted.

Siation 3.2: AReinforced-com rete Nos 4 Unlon Protecti-e motnd aroded comolately. 7.200°
submarine tarminal pit (similar 5§ Yankes Completaly destr.yad; no traces lefi. 7,400+
10 item 33, Chapter 4).

Station 3.3: Reinlorced-concrete George 4 Union Protective mound seversly sroded. 15,860
suhmaring tarminal pit (similar
to tam 33, Chapter 4).

Statlon 1343 Relnforced-concrete, George 4 Union Sand eroded from avound foundation, 16,820
thres-atory instrument shelter, & Yankes vary lHttle undermining. 16,130
above ground unmoundsd {similar
0 Itam 1, Chapter 3).

Staclon 102: Retuforced-con:rete George 4 Unien Protective mowxd severely sroded. 15,680
inatrument aheltar, mounded.

Stations 1210, 12]): Large Dog 4 Union Mounding partially sroded leaving 8,960
reinforosd-concrete diagn.stic cornars of the bullding exposed.
sation, moundad with approxi- Dog 4  Union Mounding completsly sroded; watar 6,900
matsly 10 fest of covsr. damage to squipmsnt innide the atation;

water atood 24 inches doap inside.

Distant Sitss:

Station 70: Reicforced-concrets Nan 8  Yankes Wator Jtood 2 inches deep inside the 44,080
timing station. station.

Station 7400: Rélnforced-concrete Nan 5  Ysnkee Major damage to scientific equipment 83,800*
boming beacon shelter. by 4 feet of water inaide the station.

Tars Complax: Sites Obos, Petsr, Tars 2 Romeo  An 11-foot wave washed over the com- 80,040+
Raoger, Bugar, Tare. Complex plex causing damage 10 CRUSWAYS

and protective berma; 500 feet of co-
axial csbls were exposed; ona small
structurs was undermined and
knocksd out of alignment.
4 Unien Causeways were sariously damaged; 59,0004
eIy Wik BeVErs erosion around
severa] structurss.

Tare Complax: fites Obos, Petor, Tare § Yankes Caussways washed out; oon swmall un~ 59,2004

Ruger, Sugar, Tare. Complex mounded concreta block nouse (5 by
Y Ly 7 0 gH) was displavus appas Ai-
mately 400 feet.

Canstruction Camp: Nan 4 Unien Water reached most of the camp srea 83 006 *

and caused damage to several of the
light frame buildings.
5 Yankesa Camp was wrecked. 83,000*
* Approximately.
168
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munt of wa.o-helght prediction 18 given in Reforence
23 where boftom slope, reefs, and shore lires at
close-in ranges are all consldered.

D.4 "AAYE DAMAGE IN OPERATION HARDTACK

Wave damage tn Operation Hardtack was not exten-
sive. This was due to the relatively low yields of the
shots and the caru taken to prevent extensive damage
from waves. The wave damage that occurrad &8 re-
ported in Cha ters 3 and 4 will only be summarized
here.

Close-in stations were affected as follows:

1. Station Redwing 560.01, Site Abie (Item 2): a
reinforced-concrete shelter survounded by u circulur,
sandbagged berm 9 feet high. The wuter wave {and
air blast) from Shot Fiv pussing over the island re-
moved about 2 feet of earth from the berm.

2. Station Redwing 1519, Site Able (Jtem 4):
reinforced concrete photograpnlc station approximate-
Iy 24 feet long, ¢ teet wide, i T feot high, wolghing
an estimated 50 tens wus displaced approximately 11
feet by Shot Fir.

3. Station 78.01, Site Charlie (llewa vt a0 wiil-
mounded timing station was undamaged but had its
entrance blocked by sand and debris us = result of
Shot Fir. This effect tended to be repeated in later
ovents.

4. Station Complex, Site Irenc {ltem 18) und Sta-
tion 1525 {Item 19): thero was some deep erosion
around these stations but no structural damage re-
sulted.

5. Station 3.4, Site Irene (Itemn 22): & submarine
terminal pit had nearly all of its protective mound
croded.

8. Station 1312, Site Janet {Item 25): a very large,
unmounrled, concrewe structure was not damaged or
undermined although some sand was eroded from
argund the fovndation.

7. Landing pler, Site Janet jl.em 30): several of
its large 6-foot concrete cubes were wushed cn shore
by waves from Shots walnut and Elder. The pre-
Yellowwood condition of the pier is shown in Figure
4.73; post-Walnut is shown in Figure 4.74; and the
fina] state, post-Elder, is shown in Figure 4.75.

This last figure also incicates the extent of inundation
on Janet due to daol kHder.

Distant sites recelved vury ilttle wave actiou.

Thiz was mainly due to firing the larger-yield shota
at low tides and in shallow water. The only notable
wern Gemage was 40 Shie Elmer duc o Shot Oak. The
‘main damage was to the personnel pitr und & pipuline
discharging into the lagoon. One of the iater waves
from Shot Dak is shown siriking the pler in Figure
D.1. Damage could have been mush more exiensive
if protoctive berins had not been piaced around shore-
side installations

‘I'he prote..on offered by u sundbag berm is illas-
trated tn Figures D2, 3, 4, and 5. The egquipment

shown in these figurer wag a vital link in the clectrl-
cal distribution system for Sites Elmar and ¥rod.

D.5 DISCUSSION

Two f{arte observed in past ppavaitons =t the prov-
ing grounds were once again domonatrated during
Operution Hardlack:

1. Generally, close-in structures which survived
air-blast effects recelved no apnreciable damag2 from
waler waves, however, arosion war sometimes axten-
sive,

2. Distant sites (several miles) suffervd wave
action trom the larger-yield devicer~ ni ranges where
air-binst damage was emall or negligible.

Close-in structures which are designed to survive
high blast pressures are not susceptible to wave dam-
age since clogde-~in gir blast is much more severe than
water-wave impact and drag forces. In designing for
air blast, the prevention of flooding o7 a station during
intwistion phould be considered. The only cluse-in
affect from waves on large structurcs saems to be
¢rosion and 1his unly Decomes a serious concern after

several events, particularly when there (s no opprrtu-
nity belween shots o replace protective cover.

As distance from ground zero fhcresses, the peak
overpressure attenuates very rapidly. For pressures
in the range of 1 to 1,000 psi, prossure s inversely
proportional to the ¥4 power of range.

10w
R [ ¥4

P

Where: P = peak side-on pressure, psi
W = yield, kilotons
R = range, kilofs.t

water waves, however, scale in a different fashjon.
For a wave moving in open watelr, the crest height
{height ahove tide stage) is invorsely proportional to
the range. For shallow water conditions, the relation-
ship of the variables can be expressed approximately
by

11 41/2
e ~ x WiRAL
Where: H. = crest height, feet
K = a constunt gene rullv less tuin 1
W = yield, kilotons
d = deprh at suvface zoro. fest

R = range, kilofeet

The major characteristic of the hlast-generated
water waves that veach intermediate range and dis-
tant sites is their long period. The height of these
wuves is not large, in fact, storm waves are often
higher. Howaver, the long perind of these waves
cuyses water to continus 1o “pile up” at the sliore
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Figure D.1 Wavas action at the per | piar from

Shot Ouk, Sits Elmer.

Figure D.2 Transformor station prior to wave arrival.
Shot Oak, 8ite Elmer.

Figure D.3 Transformer station, firat wave striking the
1zgoon shore. Shot Oak, Site Elmer.

¥igure D.4 Transformar station, first wave moving onshore;
the start of inundation. Shot Oak, Site Elmer.
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line so that water runs inland to great distances. Pro- works ofier reasonably adequute protection againet

tactive wo' is can dissipate much of the energy of the impact snd drag effects by dissipating wave snergy.
waier on shore but flooding of large land ureas cannot The long pariod of blest-genernteu waves makes pro-
he prevented. tection from inundation very diffieu’t. Inundation and

Figure D.5 Transformer siation after wave actioh
ceased and water subsidec. Snot Oak, Site Elmer.

D.8 CONCLUSIONS AND RECOMMENDATIONS flopding i cannot be prevented may be provided for
Structural effects due to water wave . +; "o neg- I ;k;)slgn ::(filacillti:u P"Y ;wau;:;root.iug vital .equixl):?ent
lected for close-in structures designed to withstand and by making doors seal tghtly. One atructural fea-
atr blast. ture that has shown its usefuin:gs is the provision of
At greater distances, where air blast is of no great 2’”‘" d:‘ah;;ge :’" a 9“‘“0:‘- i, 9;‘-‘1 ‘;U";'ﬂﬂ:nx Blm;wﬂ'
conssquence, water waves must be considered in °°"da:;e siily that ‘mpt::t ar, a w’:h"gt O:"T slope
structural planning. The standerd shore-protection towar entrance, so any water that gets into

the station can be readily dralned out.
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Defense Special Weapons Agency
6801 Telegraph Road
Alexandria, Virginia 22310-3398

TRC 27 August 1998

MEMORANDUM TO DEFENSE TECHNICAL INFORMATION CENTER
ATTN: OCQMr William Bush

SUBJECT: CLASSIFICATION CHANGES

The Defense Special Weapons Agency Security Office has reviewed and declassified the
following documents and distribution statement A now applies:

WT-1631, AD-355505
WT-1619, AD-357951

Also WT-1619-EX should be withdrawn from the system.

Also WT-1637, AD-339275, has been downgraded to Confidential FRD.

LVQ *\cw %VU»NL

ARDITH JARRETT
Chief, Technical Resource Center



